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FOREWORD 


This volume contains the proceedings of the Seventh Annual Meeting of 
the Working Group on Extraterrestrial Resources, which was held in conjunction 
with the Joint National Meeting of the American Astronautical Society (AAS) 
and the Operations Research Society (ORSA) on June 17-20, 1969, in Denver, 
Colorado. 

The Working Group on Extraterrestrial Resources (WGER) is composed of 
scientists and engineers from the National Aeronautics and Space Administra- 
tion, U.S. Air Force, U.S. Army, and the U.S. Bureau of Mines who have active 
interest in the utilization of extraterrestrial resources. Also contributing to the 
WGER studies are many invited participants from industry and universities. 

The WGER was organized in 1962 with the following objectives: 

To evaluate the feasibility and usefulness of the employment of extraterrestrial resources with 
the objective of reducing dependence of lunar and planetary exploration on terrestrial supplies, to 
advise cognizant agencies on requirements pertinent to these objectives, and to point out the implica- 
tions affecting these goals. 

The WGER was one of six participating societies that aided AAS and ORSA 
in the planning of their national meeting, the theme of which was the “Planning 
Challenges of the 70’s in Space and the Public Domain.” Of the 137 technical 
sessions, the WGER planned and conducted one theme session, the “Use of 
Extraterrestrial Resources,” and six specialist sessions which comprised its 
Seventh Annual Meeting. Theme session papers will be published by the AAS 
in the Advances in the Aeronautical Science series and the Science and Tech- 
nology series. The six WGER sessions consisted of 11 invited and contributed 
papers and two panel discussions. Eight brief papers encompassing the panel 
discussions were prepared by the panel participants and are also included in this 
volume. All of the papers were technically edited by the staff of EXTERRA, Office 
of the Chief of Engineers, U.S. Army. Technical discrepancies were called to the 
attention of the authors for correction, but no attempt was made to interfere with 
an author’s individual style. Primary responsibility for the technical accuracy 
of statements made reside with the author of each paper. 

I believe that these proceedings will serve as a valuable reference in the 
field of extraterrestrial resource exploration and exploitation. 


James J. Gangler, 
Chairman , Working Group on Extraterrestrial Resources 
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MOONLAB: A Design for a Semipermanent 
Lunar Base 


Under the direction of the authors, the 1968 Joint NASA-ASEE Summer Faculty Course on 
Systems Engineering prepared a design for a semipermanent lunar base. The base would be for the 
purpose of scientific exploration, with particular emphasis on astronomy; the site would be Grimaldi. 
The base would evolve over a 15-year period, requiring 37 launches of Saturn 5 delivery systems. The 
completed base would consist of 11 interconnected modules. Eight of these are for the shelter of the 
crew (24 men at base completion) and equipment. 

The other three, which are inflated structures partially transparent to sunlight, contain a lunar 
farm of higher plants. This farm, a significant feature of the design, provides humidity control, oxygen 
generation, CO 2 removal, and a major part of the calorie requirements in food. 

Power is supplied to the base by solar cell arrays during the day and fuel cells at night. Provisions 
are made for lunar surface exploration, use of lunar rocks and soil for many purposes, and emergency 
backup procedures. 


BACKGROUND 

A 10-week preliminary design study was 
undertaken in the summer of 1968 by a group of 
20 visiting professors at Stanford University and 
Ames Research Center as a part of the NASA- 
ASEE Engineering Systems Design Summer 
Faculty Fellowship Program. 

The primary purpose of this study was to ac- 
quaint the participants with the educational 
methods in space systems engineering used at 
Stanford in the hope that they would introduce 
similar techniques at their home universities. 
A second purpose was to acquaint the partici- 
pants with NASA activities in space technology 
and research in order to identify areas of im- 
portance to engineering students both in course 
work and in graduate research. A third purpose 
was to perform a preliminary design of a lunar 
scientific laboratory. The study was purely for 
educational purposes and in no way was intended 
to be a part of NASA planning. 

The problem originally assigned to the partici- 
pants in this study was the design of a “semi- 


permanent lunar surface observatory.” The 
detailed definition of the mission and its objec- 
tives was an extremely difficult problem. Because 
of concern with overall national expenditures, 
a sizeable amount of effort was devoted to cost- 
benefit analysis. Unfortunately, because the 
benefits were primarily scientific knowledge, a 
rigorous cost-benefit analysis was not achieved. 
However, enough thought was given the relative 
benefits of various lunar missions and experi- 
ments and the relative benefits of manned and 
unmanned lunar, planetary, and Earth orbit 
missions to enable the study group to converge 
upon a mission. 

Once a specific operational mission and its 
objectives were defined, the design of MOONLAB 
proceeded quite smoothly. The decision to 
include man in the lunar observatory was made 
fairly early in the program. Human intelligence 
and skills were considered essential to accom- 
plish the desired scientific investigations. As 
an exercise in multi-disciplinary communication, 
the study was successful. As the design evolved, 
the areas of parametric conflict became apparent 
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and resolution by tradeoff was accomplished 
where possible. MOONLAB, as finally proposed, 
is designed to evolve over a 15-year period to a 
size capable of maintaining 24 men and of sup- 
porting scientific investigations in astronomy, 
selenodesy, selenology, selenochemistry, seleno- 
physics, biology, biomedicine, behavioral science 
and agricultural science as well as particle and 
field experiments, lunar atmosphere studies, and 
remote observation of the Earth. 

This chapter presents a few of the design 
conclusions which resulted from this study. 

SITE SELECTION 

The landing site selected for the proposed 
lunar base (Moonlab) is in the crater Grimaldi 
at lunar coordinates 68°00'W, 3°30'S. The 
selected site is accessible to lunar landing 
vehicles using lunar orbit rendezvous and also 
accessible by line-of-sight to Earth bases for the 
purpose of direct radio and TV communication. 
Grimaldi was chosen primarily for its suitability 
as an astronomical site, although the site has 
many selenological features of interest as well. 
The site is just south of the lunar equator, a 
location characterized by extremes in thermal 
conditions. The polar regions are much more 
favorable from thermal considerations but were 
rejected because of poor astronomical promise, 
unfavorable abort capability, and plane change 
requirements in those phases of the program 
where lunar orbit rendezvous will be used. 

MOONLAB BUILDUP 

The early stages of the evolutionary phase of 
MOONLAB employ the Lunar Orbit Rendezvous 
(LOR) technique for personnel delivery and 
return. The study assumed the launch and 
landing vehicle configurations proposed by the 
Lockheed Missile and Space Company (ref. 1). 
Two assumptions concerning these delivery 
vehicles were made which were of paramount 
importance in establishing the abort capability 
for the base. These assumptions were (1) The 
LOR personnel carriers are capable of 180-day 
duration operation, and (2) The direct-mode 
personnel carrier is capable of 270-day dormancy 
on the lunar surface. 

An alternate program was investigated which 


did not use LOR techniques. The results of 
that study indicated that the total cost of a direct- 
mode-only evolutionary program would be the 
same as the program described in the following 
pages; however, as the manned operations would 
occur over 5 years in the direct mode (instead of 
9 years in the LOR mode), the peak annual 
funding of such a program would be larger. 
The direct mode would also not return scientific 
data until a later date. Accordingly the evolu- 
tionary program using LOR was selected. 

A profile of the MOONLAB buildup is given in 
table I. A total of 37 launches is required, of 
which 23 are manned launches and 14 are cargo 
launches. The buildup of astronaut staytime 
from 6 months to a year is accomplished in 
three steps, with a period of 1 year of Earth post- 
mission observation of the astronauts before the 
lunar staytime is increased. 

Abort during the first 3 years of the program 
is continuous since the astronauts will be able 


Table I. — Major Milestones in the Evolutionary 
Program 


Year 


Development 


0 . 

3, 

6 . 

7. 

8 . 

9. 

11 . 


12 . 

13. 

14, 


15 


Start development programs 
Site certification mission 
Deliver first cargo 

Establish three-man, 3-month staytime base 
Staytime extended to 6 months 
Science program starts 
Base grows to 6 men 
Hygiene shelter delivered 
Staytime extended to 9 months 
Staytime extended to 12 months 
Base grows to 12 men 
Sleeping and command shelters delivered 
Direct-mode personnel and advanced LLV used 
Physical science and offsite activities shelters 
delivered 

Start phase C science program 
Agriculture shelter delivered 
Base grows to 18 men 
Deliver lunar surface transportation 
Astronomy shelter delivered 
Farms delivered 

Fourteen metric tons of science equipment 
delivered 

Base grows to 24 men 
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to return to Earth via the same vehicle that 
delivered them. As personnel lunar staytime 
grows beyond the vehicle staytime in the ninth 
year, return from the Moon is accomplished by 
launching a personnel carrier from Earth. In 
the case of abort, the launch time reaction 
capability of this method (minimum of 3 days) 
may be unacceptable. By developing vehicles 
with staytimes equal to personnel staytimes, 
or vice versa, this problem may be avoided. 

The total mass delivered in the evolution of 
Moonlab is shown in table II. Table III gives 
the delivery requirements during evolution. 


Table II. — Mass Budget for MOONLAB 
Evolution 


System 

Weight 

(kg) 

Percent 
of total 

Shelters, life support, farm, and radiator.. 

99 000 

36 

Water: use, reserves, and packaging 

45 000 

16 

Power equipment and replacement 

31300 

11 

Lunar transportation and off-loading equip- 
ment 

26 600 

10 

Gas: use, leakage, reserves, and packag- 
ing 

30 400 

11 

Food: use, reserves, and packaging 

19 400 

7 

Science equipment 

19 200 

7 

Tunnels 

2 700 

1 

Communications replacement 

2 400 

1 

Total 

276 0Q0 





Since the requirements do not fall exactly 
into units deliverable by the cargo vehicles 
(16 000 and 23 000 kg), early delivery, particularly 
of expendables, allows the cargo to be parti- 
tioned into the specified units. 

During the MOONLAB evolution eight shelter 
modules and three “farm” structures are to 
be delivered. The deployment of these shelters 
and farms is illustrated in figure 1; also indicated 
is the post-evolutionary function of each shelter. 
The total cost for the Moonlab project was 
calculated to be 17.4 billion dollars. Figure 2 
shows the annual cost as a function of the year 
from project initiation (assuming the project 
was initiated in the early 1970’s). 

MOONLAB LAYOUT 

During design of MOONLAB, it was considered 
important to minimize the effects of isolation and 
maximize the effectiveness of the crew at their 
assigned tasks. Equipment layout and facility 
arrangement were carefully considered and 
habitability factors (odor, noise, illumination, 
temperature, humidity, recreation, etc.) were 
considered when it was demonstrated that they 
were potentially significant to the lunar crew- 
man’s total performance. 

Some of the important design features that 
resulted from consideration of human factors 
were 

(1) Separation of noise (offsite activities 
module) from quiet zones (sleeping) 


Table III. — MOONLAB Evolution Annual Delivery Requirements ( Mass Is Given in Units of 10 3 kg) 


Item 

Year 

Shelters, farm 
and life support 

Water 

Power 

Atmosphere 

Off-loading and 
lunar transpor- 
tation 

Food 

Science 

equipment 

Miscel- 

laneous 

Total* 

6 

16 

** 

** 

** 

10 

** 

2.4 


28.4 

7 


4 

.6 

2.8 


0.8 


.3 

8.5 

8 

8 

5 

3.6 

2.8 


1.0 


.6 

21.0 

9 


8 

1.2 

4.4 

5 

1.6 


.3 

20.5 

10 


8 

1.2 

4.4 


1.6 


.3 

15.5 

11 

18 

8 

7.2 

4.4 


2.8 


1.2 

41.6 

12 

16 

8 

2.4 

3.6 


3.2 

2.8 

1.2 

37.2 

13 

10 

2 

7.8 

3.6 

11.6 

3.6 


.9 

39.5 

14 

31 

2 

7 3 

A A 
't.'t 


4.8 

14 

9 

.O 

63.8 


^Included in first shelter. 

** Payload constraints enforce early delivery of cargo. 
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FIGURE 2.— MOONLAB funding schedule. 

(2) Normal activity “flow” routines designed 
into adjacent canisters (e.g., sleeping, personal 
hygiene, eating) 

(3) Provision for a continuum of social activity 
(individual quarters in M-3 to 24-man group 
meetings in dining/conference area M-4) and 
for individual and group recreation 

(4) Work stations radiating out from the central 
command station 

(5) Location of primary water storage (M~2) 
adjacent to the maximum security habitat (M-l) 

(6) Emergency air locks to and from every 
shelter. Emergency monitoring of all shelters 
for air pressure fluctuations. Techniques of 
locating personnel and diagnosing their physical 
condition. Protection against sudden decom- 


pression, fire, explosion, and radiation, and 
provisions for search and rescue outside of the 
base. 

The habitat, or base module, for all base 
operations is the space canister used to carry 
cargo and men to the Moon. This decision was 
made after a tradeoff between various methods 
of building shelters from lunar material, designing 
erectible shelters, utilizing lunar geological 
features, and operating without shelter. The 
first canister delivered (M~l) is to contain life- 
support and science equipment and facilities to 
accommodate three to six men. This structure is 
to be covered with lunar soil to a minimum depth 
of 1 meter in order to minimize micrometeorite 
and radiation damage. As other canisters are 
added, changes in module function will occur. 
For instance, by the fifteenth year, module M-l 
is to be the bioscience laboratory, hospital, and 
maximum security habitat. However, functional 
changes have been selected so that minimal 
effort will be required for modification. 

The principal parameters and/or constraints 
encountered in the design of the lunar shelter 
modules included internal pressure, temperature 
extremes, protection against ionizing radiation 
and meteoroid impacts, the dynamic structural 
loading of launch and landing, and the man-hour 
construction load on the lunar surface. These 
factors interacted directly with weight, size, and 
cost. 

The base as designed consists of eight habitat/ 
work-area modules connected by short tunnels 
of inflatable rigidized material. The modules 
are to be completely prefabricated on Earth 
and configured to fit atop a standard, direct 
landing lunar descent stage. Raceways in the 
tunnel floors will house plumbing, power, and 
gas ducting. Deployed over the eight-module 
cluster will be a flat shield, acting both as a 
meteoroid bumper and a heat moderator. Figure 3 
shows the base configuration. 

POWER AND COMMUNICATION 

The power subsystem selected for the MOON- 
LAB supplies electrical energy directly from solar 
cells during the lunar day. During the lunar 
night, electrical energy is produced from fuel 
cells. Hydrogen and oxygen for fuel cells are 
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there will be more than enough fuel cell capacity, 
including replacement as necessary. There will 
also be ample cryogenic tankage that can be 
salvaged from landing vehicles. Fuel cells, 
tanks, and vehicles should be designed with 
this future use in mind. 

The base proper will require 50 kW (electrical) 
during the lunar day and 40 kW during the lunar 
night. This does not include power for electrol- 
ysis of water to supply fuel for mobile vehicles 
or for return to Earth. Specific requirements 
are shown in table IV. Subsystem character- 
istics are shown in table V. 


obtained from electrolysis of water during the 
lunar day with cryogenic storage. Electrical 
power for electrolysis is supplied from the solar 
cells. 

The power subsystem choice was influenced 
by the assumptions that (1) large quantities of 
fuel for Radioisotope Thermoelectric Generators 
(RTG) will not be available and (2) the useful 
life of a SNAP-8 reactor system at full power 
is approximately 1 year. If either of the above 
conditions were changed significantly, the power 
subsystem choice might be altered. 

This is the least expensive of the five systems 
considered and has other inherent advantages: 

(1) It is highly modular and can be supplied 
in units of virtually any size desired. 

(2) Redundancy is readily achieved by adding 
units or by accepting a lower availability of power 
in event of failure of part of the system. 

(3) Expansion of the system for additional 
power or for electrolyzing water to provide 
fuel for mobile vehicles of Earth return is readily 
achieved. 

(4) Buildup of the system on the Moon is simple 
since components can be packaged in nearly 
any size desired and can be carried on any 
launch. 

(5) There is no problem of radiation, thus 
allowing convenient location of the system rela- 
tive to shelters. 

(6) A peak power of 225 kW is possible if all 
electrolysis is shut off. 

Fuel cells for the power system will be available 
from the navigational packages on the landing 
vehicles. Each vehicle has two cells, each of 
2-kW capacity. With 40 or more landing vehicles. 


Table IV.— MOONLAB Power Requirements 


System 


Power 

(kW) 


Lunar day 

Atmosphere c irculation 

1 .ighting 

Heat rejection (living-working space and farm).. 

Water pumping (farm) 

Harvesting and food processing 

Waste processing 

Communications 

Experiments ; 

Misc ellaneous and contingency 

Total 

Lunar nipht * 

Emergency life support 

Lighting 

Heating 

Communications 

Total 


10 

6 

1 

1 

1 


3 


15 

8 


50 


25 

4 

10 

1 


40 


*Requirements determined by emergency conditions in the 
event of loss of the farm. 


Table V .—MOONLAB Power System* 


Development cost 


Hardware cost 


System mass 

21 500 kg 
200 man- hr 

Deployment time 

Annual replacement rate 

20 percent 

*The cost of electrolyzing 2000 kg of water 
be 3.16 MS. 

per year will 
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Figure 4 shows modes of communication 
provided on the lunar surface. Because of 
the diverse nature of the Moonlab mission, 
the communication subsystem design necessarily 
included a large amount of flexibility. Lunar 
equipment must be adaptable to changing needs 
of investigators. A new Earth-based network 
is required consisting of three ground stations 
spaced approximately equally around the Earth. 



FIGURE 4. — Modes of communications on the lunar surface. 


LIFE SUPPORT 

The life support subsystem for MOONLAB is 
unique for several reasons: 

(1) It uses higher agriculture to both close 
the O^-CCL cycle and to provide food. 

(2) Because higher plants are used, man s 
waste products are almost completely used 
efficiently. 

(3) By careful choice of crops, it is possible to 
operate with a minimum of mechanical equip- 
ment. Fundamentally only a fan and a dehumidi- 
fier are needed. 

(4) A large fraction (75 percent) of the total food 
available is in a relatively fresh and aesthetic 
form. 

(5) Resupply from Earth is greatly reduced. 

(6) Water purification is greatly simplified, and 
as a consequence more water for washing and 
laundry is available because of the multiple use. 

Some idea of the interrelationships in the life- 
support system can be seen in figure 5. A material 
balance is shown in figure 6. During the lunar 
night the agriculture is dormant and shelter air 
is bypassed through an absorber bed to keep the 
CCL from exceeding 1.5 percent during the lunar 
night. The CO 2 is then desorbed into the agricul- 
ture during the lunar day. A backup system 
requiring standby electrical power is available 
if the agricultural system should fail. 


A-B 



A-l Freezer 

A-2 Crusher 

A -3 Cooker 

A -4 Coagulum Washer 

A-5 Dryer 

A -6 Serum Freezer 

A- 7 Stored Food 

A -8 Flavors 

B-l Circulation Fans 

B-2 Adsorption System 


C-l Condenser P-5 Cooked Juice Pump 

C-2 Dehumidifier P-6 Water Recycle Pimp 

CB-I Contaminant Removal P-7 Potable Water Pump 

E-t Water Cooler f%V-l Potable Water Storage 

E-2 Water Heater W-l Feces Storage 

F-l Filter Sterilizer W-2 Feces Dryer 

P-1 Feces Pomp W-3 Urine Storage 4 Steri lization 

P-2 Urine Pump W-4 Dilute Urine Storage 

P-3 Dilute Urine Punp 
P-4 Juice Pump 


Fun re 5. — MOONLAB life-support system. 


EARTH FOOD 3.78 



Figure 6. — Material balance relationships (kg/day). 


Atmospheric leakage from the shelter will be 
principally due to air lock operation. Assuming 
that air locks will bound the tunnels and that 
there may be as many as three openings per day, 
losses have been calculated as 10 percent of a 
tunnel volume per day per opening. Farm leakage 
is based on probability of three punctures per 
year of meteorites 1.5 mm in diameter, and the 
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loss of one shelter volume (18 m shelters) at each 
hit before repair can be made. 

During the base evolution all food will be from 
Earth-supplied stores. The diet will be 2800 k-cal 
with roughly 12-percent protein. As the agricul- 
ture develops, harvest of crops will begin to 
contribute to the diet. On the basis of 0.63 
kg/day/man of dried food, the 24-man base will 
require 15.1 kg/day or k, 520 kg/yr. This rela- 
tively small weight makes it feasible to keep a 
year’s supply of food on hand as backup for 
possible agricultural failure. 

The MOONLAB water requirements are quite 
extensive, because of initial requirements for 
charging the farm and the necessity for an 
inventory for fire protection. Once the base 
reaches steady-state operation, a surplus of 
some 5000 kg will be produced each year due to 
metabolism by the farms and by the crew. This 
surplus will be electrolyzed to H 2 and CL for 
fuel and breathing air. However, during the 
evolutionary phase some 45 000 kg of water 
must be brought to Moonlab. 

Waste is to be disposed of by feeding it to the 
farm, in various forms. During construction, and 
if the farm is temporarily out of operation, waste 
will be disposed of by more conventional means. 
An electrodyalysis system will be used for urine 
reclamation and solid wastes will be heat-dried, 
sterilized, and stored. 


THE LUNAR FARM 

The reasons for developing MOONLAB agri- 
culture are as follows: 

(1) The Moonlab farm provides the basis 
for a pleasant, expandable permanent colony 
on the Moon, and is also economically justi- 
fiable. For 75-percent food recycle, about 2 
years at a base level of 24 men justifies the 
weight of the farm over the weight of required 
imported food and a C0 2 removal system. 

(2) A system may be developed for maximum 
photosynthesis with minimum space and labor 
requirements. 

(3) New plant forms, new genetic makeup, 
and new soils by exposure to unusual light, hard 
radiation, gravity, magnetism, and atmospheric 
composition may be developed. Useful plants 


produced in such an environment may produce 
seeds which are advantageous elsewhere. 

(4) Crop adaptation and exploitation methods 
on the Moon may provide means for unlimited 
colonization without dependence on Earth. 

(5) Moon farming may yield knowledge and 
techniques which can be applied on Mars with- 
out the need for shelters. Mars farming could 
lead to eventual conversion of the entire planet 
to useful purposes. 

Several farm units are provided for safety 
and for variation in growing conditions. Figure 7 
shows a plan view of a typical farm unit. 

One 18 m diameter farm unit will be pro- 
grammed for perennials, one 18 m diameter 
unit for annuals and diannuals, one 10 m diameter 
unit for vegetable crops, and one 6 m diameter 
agrilab for new work in hydroponics and tissue 
culture. The total farm area for a 24-man Moon- 
lab was calculated to be 500 m 2 (| acre). 

Figure 8 shows the layout of the farm and the 



FUHJRE 7.— Plan view of typical farm unit. 



Ficure 8. — Farm layout. 
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nighttime environment. Leaf crops will be re- 
moved from the 18 m farms at dusk. Highly 
reflective shades will be deployed over all 
windows to minimize heat loss at night. 

Soil conditioning must be considered as a 
primary factor in designing the farm. Moon soil 
must be made from Moon dust since 160 tons are 
needed for the total farm assuming a 10-inch 
soil depth. Soil will be loaded before putting 
the window in place. Aggregate will be loaded 
first, followed by finer material. The soil will be 
.watered by coarse sprays and drained into a 
sump. Water holdup of the entire farm in the 
soil will be 8000 kg. 

The floor of each farm unit will consist of a 
sloping, gastight pan of high-density plastic 
placed on properly contoured Moon dust. Tables 
VI and VII summarize various characteristics 
of the agriculture complex. Figure 9 shows a 
c ross section of one of the farm units. 

Possible annual and biannual leafy crops 
included in the farm are rye, swiss chard, endive, 
lettuce, and Chinese cabbage. Other plants ol 
interest are tomatoes, peas, beans, sweet pota- 
toes, peanuts, and alfalfa. The various foods to 
be processed are leaves, cereals, root crops, 
vegetables, and hydroponic crops. 

Leaf processing will include harvesting, 
packaging, and freezing at dusk. L eaves not 
directly edible will be cooked with hot water, 
while fibrous leaves will be crus lied and fiber 
pressed out for return to the soil. The serum will 
be frozen for direct consumption if palatable, and 


Table VII. — Life Support System— Agriculture 
Peak Power Requirements 


Item 

kW 

Mass 


0.22 

10.0 


0.08 

1.0 


4.0 

100.0 

Wash water system 

0.50 

12.0 

Air circulation 

3.8 

320.0 

Pumps at 0 093 kW each* 

1.6 

20.0 

Lighting, UV sterilizers, adsorber 

10.0 

800.0 

Tmal 

20.2 

1263.0 





* Includes agriculture processing pumps. 



unpalatable serum will be boiled to coagulate 
protein, which will be pressed out and dried. A 
safe scheme for removing leaf serum taste should 
be found as soon as possible. 


Table VI. — Characteristics of the Agricultural Complex 


Item 

18m 

18m 

10m 

6 m 

Total 

Window area 

250 m - 

250 m - 

75 m- 

25 m- 

600 m- 

Enclosed volume 

800 nr 5 

800 m :{ 

450 m 1 

50 m ;! 

2100 m ' 

Window mass 

370 kg 

370 kg 

110 kg 

37 kg 

900 kg 


1000 kg 

1000 kg 
1400 kg 
2800 kg 

300 kg 


2300 kg 


1400 kg 
2800 kg 

800 kg 
1200 kg 


3600 kg 

Total structure 

40 kg 

6800 kg 

Night power 

0 

0 

2 kW 

2 kW 

4 kW 

Soil mass 

65 tons 

65 tons 

25 tons 

5 tons 

160 tons 

Soil moisture 

2000 kg 

3000 kg 

1200 kg 

300 kg 

7500 kg 

Maximum biomass 

Total plant dry matter 

Nitrogen in biomass 




— . 

10 000 kg 
1000 kg 
200 kg 
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Root crops and vegetables will be eaten after 
the usual preparation, and cereals will be boiled 
or dried and malted to improve taste. Hydro- 
ponic crops will be eaten as is or dried during the 
day, since dusk harvesting is not needed in this 
case. Tomatoes will be consumed immediately, 
and sweet potatoes will not need preservation. 

CONCLUDING COMMENTS 

The Moonlab study, insofar as possible, was 
a complete system study. It included detailed 
considerations of scientific mission activities, 
experiments and equipment, personnel selection, 


training and organization, structural and thermal 
design, emergency procedures and backup sub- 
systems, mobility, lunar resources exploitation, 
and post-evolution logistics. It is not possible 
to go into all of these considerations in this paper; 
interested readers may refer to reference 2 
for the complete study results. 
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High-Power, Long-Life Electrical Generating 
Systems for Lunar Base Missions 


Large lunar bases will require high-power, long-life electrical power systems to provide power 
for sustaining mission personnel and accomplishing mission objectives. Nuclear and solar cell systems 
are potential power system candidates. This chapter presents an updated comparison of the primary 
performance characteristics of these two system types. The effects of possible lunar base mission 
constraints and requirements identified from previous studies on these characteristics are then 
reviewed. 


INTRODUCTION 

A large lunar base is a potential future NASA 
mission. Such a base will require electrical 
power in the tens of kilowatts for years. This 
chapter presents projected performance charac- 
teristics for several candidate base power systems 
that could be made available for this mission in 
the time frame of the mid- to late 1970’s. 

A variety of power systems could conceivably 
meet base power needs. This chapter, however, 
will be limited to those systems that develop 
most readily from power technology programs 
now in progress. This approach gives the greatest 
credence to system projections. 

Studies of lunar base power systems have 
shown that mission factors can have a major 
impact on their design and configuration and 
hence on their eventual capabilities. A review 
is made of the more significant factors identified 
to date and their potential effects are discussed. 

DESCRIPTION OF POWER SYSTEMS 

The on-going NASA and AEC technology 
programs can potentially lead to five high- 
power, long-life power system candidates for a 
lunar base mission available in the time frame of 
the second half of the 1970’s. These are a solar 
cell/fuel cell/reactant regeneration system, a 


system using multiple isotope/Brayton units, 
a SNAP-8 reactor/thermoelectric system, a 
SNAP-8 reator/Rankine system (SNAP-8), 
or a SNAP-8 reactor/Brayton system. The 
next section projects the primary characteris- 
tics of weight and size for each of these systems 
adapted to the lunar base mission. These pro- 
jections are based on conceptual mission designs, 
the major features of which are described below. 
In addition, a brief indication of current develop- 
ment status is given. 

It is believed that with adequate future fund- 
ing and timely specification of mission require- 
ments these systems can be readied for mission 
use in the second half of the 1970’s, with the solar 
cell/fuel cell/reactant regeneration system and 
the isotope/Brayton system available earlier in 
this time period than the SNAP-8 reactor 
systems. 

Solar Cell/Fuel Cell/Reactant Regenera- 
tion System 

This system uses solar cells to provide base 
power during the lunar day and to provide power 
needed to regenerate fuel cell reactants. The 
regenerated reactants are then used in fuel 
ceils to provide base power during the lunar 
night. This makes the system self-regenerating* 
and there is no net consumption of expendables. 
Boretz and Miller (ref. 1) give a more detailed de- 
ll 
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scription. Figure 1 illustrates the deployment of reentry vehicle to provide for safe atmosphere 

a 22.5-kW system on the lunar surface. Al- reentry of the fuel in case of an abort and shield- 

though general technology programs in the area ing to permit location of the power system 

of solar arrays and fuel cells are continuing, there immediately adjacent to the base, 

is no specific program at this time aimed at Figure 2 illustrates an 8-kWe isotope/Brayton 

developing the total technology for this system. system off-loaded onto the lunar surface. Multiple 

isotope/Brayton units can be ganged together 
for higher power applications as illustrated in 
figure 3. 

SNAP-8/Rankine System 

The SNAP-8/Rankine system uses the NaK 
cooled, 600-kW t /1300° F SNAP-8 reactor now 
in development by AEC, and the mercury/ 
Rankine (SNAP-8) power conversion system now 


Figure 1.-22. 5 kWe solar cell/fuel cell/reactant regeneration 
system. 


System projections are based on non-oriented 
solar array capabilities (ref. 2), fuel cell capa- 
bilities (ref. 3), and reactant regeneration sub- 
system capabilities (ref. 4). It is assumed that 
equal power is to be supplied through the 
lunar day/night cycle and that the regenerated 
reactants will be liquefied. Redundancy is 
provided for in the key components of the re- 
generation subsystem, and a 20-percent over- 
generating capacity is included in the solar 
arrays and in the fuel cell subsystem. 




Isotope/Brayton System 

NASA is developing the - ;{H Pu fueled isotope/ 
Brayton system for use in a 2- to 10-kWe range. 
Basic fuel capsule work is being performed by 
AEC and the Brayton conversion system is being 
developed by NASA. The combined Brayton 
rotating unit has now been tested hot for about 
600 hours. An electrically heated system test 
at 6-kWe output is expected to begin very 
shortly at the Lewis Research Center. 

. System projections are based on results from 
a study of this system in a space station mission 
(ref. 5). The system uses a single heat source 
•coupled to two power conversion systems, each 
of which is capable of delivering rated power. 
Weight estimates include provisions for an intact 



FIGURE 3. — Multiple isotope/Brayton system. 
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under development by NASA. Power conversion 
system endurance testing has reached 4500 
hours and component run times from 6000 to 
17 000 hours have been demonstrated to date. 
NASA is now working toward a test of the power 
conversion system coupled to the reactor. 
Nuclear test operations are expected to begin 
in 1973. 

System projections are based on updating re- 
sults from a study of SNAP-8 systems in the lunar 
mission (ref. 6). A single reactor is coupled to 
two power conversion systems, each capable of 
delivering rated power. The approach to system 
redundancy is illustrated in figure 4. This same 
basic approach to redundancy is also used in 
the previously discussed isotope/Brayton and in 
the SNAP-8/Brayton system to be described. 



FIGURE 4. — Rankine system redundancy. 


System weights are projected for two reactor 
shielding configurations. In one, all required 
shielding is earth-fabricated and transported 
with the system to the lunar surface. To save 
shield weight for this case, the power system is 
separated from the base by 0.5 to 1 mile. This 
gives a shield weight of about 14 000 pounds. 
Figure 5 illustrates this configuration; here 
the power system remains mounted on its land- 
ing vehicle for power operation. 

In the second configuration, use is made of 
lunar “dirt” to supplement shielding, thus re- 
ducing the transported shield weight by about 
10 000 pounds. Studies have shown this to be 
feasible if the lunar “dirt” can be compacted 
and large voids avoided. One method for using 
lunar dirt for shielding is to off-load the power 
system from its landing vehicle and bury the 
reactor beneath the lunar surface (fig. 6). 



FIGURE 5.-35 kWe Rankine system, landing vehic le mounted 
arrangement. 



Figure 6.-35 kWe Rankine system, off-loaded arrangement. 


SNAP-8/Thermoelectric System 

The SNAP-8/thermoelectric system also 
uses the SNAP-8 reactor as the heat source. 
Direct current power is generated by multiple^ 
compact thermoelectric converters that receive 
their thermal energy from the reactor loop, and 
unused thermal energy is rejected by a NaK. 
radiator loop, one for each converter. Thermo- 
electric converter technology for this system 
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is being developed by AEC based on the lead 
telluride tubular module approach. 

As with the Rankine system, system projec- 
tions are based on updating results from refer- 
ence 6. Performance is based on a reactor outlet 
temperature of 1250° F. A 20-percent over- 
generating capacity is included to allow for outage 
of a single converter loop without a sacrifice in 
rated power capability. System weights are 
given for the same two shielding configurations 
described for the SNAP-8/Rankine system. 

Development testing of individual thermo- 
electric modules has been underway for several 
years. Testing of multiple module converters 
using flowing NaK for heat transport is expected 
to begin late this year to be followed by test of 
a 6-kWe power conversion loop in 1971. 

SNAP-8/Brayion System 

NASA has conducted conceptual studies 
of the use, with the SNAP-8 reactor, of a Bray- 
ton power conversion system based on technology 
to be gained from the isotope/Brayton system. 
Because low heat-rejection temperatures can 
be easily accommodated with a gas conversion 
loop, efficiencies of up to 20 percent are possible. 
This extends the potential electrical power avail- 
able from a single 600-kW t reactor to over 100 
kWe. There is no direct development underway 
on a conversion system, and no system designs 
have been engineered. Since this system can 
build on the conversion technology from the 



Figure 7. — Projected power system weight versus power. 


isotope/Brayton program, implementation of 
development program can wait several years 
if a flight availability date at the end of the 1970’s 
is acceptable. 

System projections are based on conceptual 
system analyses performed by Lewis Research 
Center and assume, as with SNAP-8/Rankine, 
a single reactor coupled with two independent 
power conversion systems, each capable of 
providing rated power. Weights are given for 
the same two shielding configurations discussed 
previously for the SNAP-8/Rankine and SNAP- 
8/thermoelectric systems. 

POWER SYSTEM PRIMARY 
CHARACTERISTICS 

Projected weights for the appropriate range 
of power level are given in figure 7 for each of 
the five power systems described above. These 
projections are subject to revision, however, as 
future development results indicate are 
necessary, or as lunar mission requirements 
become more definitive. 

All the SNAP-8 system projections are based 
on the use of a 600-kW t reactor regardless of 
electrical power level. The isotope/Brayton sys- 
tem projections are also based on the use of 
a heat source sized as necessary for the electrical 
output power indicated. The 10-kW power 
limit results from limitations in current conver- 
sion system hardware. Future improved hard- 
ware may raise the system power limit to about 
15 kWe. 

The significant results from figure 7 are that, 
for the conceptual systems projected, reactor 
systems are superior in weight to the solar cell/ 
fuel cell/reactant regeneration systems at power 
levels above 10 to 20 kWe, and that multiple 
isotope/Brayton units ganged together as a single 
system are competitive in weight with the reactor 
systems for power levels up to 30 to 60 kW, 
depending on the approach taken to shield the 
reactor system. 

Analyses of the SNAP-8/Brayton system have 
covered the power range down to 25 kWe. 
Weights for this system below 70 kW are not 
shown on figure 7 because they are approximated 
by Rankine system weights. 

Table I summarizes the estimated logistics 
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Table I. — Projected Lunar Logistic Payload 
Capabilities 


Launch vehicle/logistic 
landing vehicle 

Landed payload 

Current Saturn V using lunar 


module derivatives 

Up to 10 000 lbs 

Improved Saturn V using advanced, 

cryogenic landing vehicle 

Up to 35000 lbs 

Major upgraded Saturn V using 

advanced, cryogenic landing 
vehicle 

Up to 50 000 lbs 



payload that could be delivered to the lunar 
surface, using three combinations of launch and 
logistic landing vehicles; except for the current 
Saturn V, all are unapproved future vehicles. 
Estimates are based on data from references 7 
and 8. 

Comparing the projected power system weights 
from figure 7 with the estimated landed payload 
capabilities of table I shows that only relative low 
power solar cell/fuel cell/reactant regeneration 
systems or the isotope/Brayton systems can be 
delivered with lunar module derivatives. An 
advanced logistics landing vehicle is required 
if a power system with an output of more than 
10 kWe is to be landed by a single Saturn V 
launch. 

The projection of SNAP-8/Rankine weights in 
figure 7 show nearly constant weight over the 
range of 25 to 70 kW. The Rankine (SNAP-8) 
power conversion system is currently aimed at a 
35-kWe power level. Potentially available im- 
provements in performance of key components 
(ref. 9) indicate that this power level can be 
doubled with only a modest weight increase and 
without requiring a larger reactor. For less than 
35 kWe, the 35-kW power conversion system 
would be derated with essentially no weight 
saving credited. 

The use of multiple isotope/Brayton systems 
to achieve high power appears to be an attractive 
alternative to the use of a reactor power system. 
However, there is a limit, not clearly definable 
at this time, as to how much 2:{8 Pu fuel and, 
consequently, power will be available for the 


lunar mission because of its limited supply and 
because of potential needs for other missions. 
The use of other isotopes, which would require 
heavier shielding, cannot be ruled out, but 
presently no consideration is being given to this. 

As apparent from the proceeding discussion 
on development status, only a nominal amount of 
test data are presently available for predicting 
the lifetime of any of the five projected lunar 
power systems. It is also apparent that projec- 
tions of eventual system life at this time for any 
system are largely conjectural. However, both 
NASA and AEC recognize the importance of 
developing long life, and this aspect is receiving 
major development emphasis. It is believed that 
useful operating lifetimes of 2 to 3 years can be 
made available for any of these five systems by 
mission use time. 

Power system dimensional requirements are 
another primary characteristic of importance, 
which strongly influence mission adaptation and 
can influence configuration design for trans- 
portation and lunar surface deployment. This 
aspect has been examined in a preliminary 
manner for the isotope/Brayton (ref. 10) and for 
the SNAP-8 system (ref. 6). It is apparent from 
these studies that, for power levels in the tens 
of kilowatts, the size of the heat rejection radia- 
tors is the controlling dimensional factor. Figure 
8 gives the required radiator areas for each of the 
nuclear systems and for the reactant regeneration 
subsystem of the solar cell/fuel cell/reactant 
regeneration system. Special note should be 



FIGURE 8. — Projected power system radiator area versus 
power. 
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made of the solar array area for this latter system 
which is estimated to be 1000 ft 2 for each day/ 
night kW delivered to the base. The significance 
of these areas will be discussed in a subsequent 
section of this chapter. 

The projections given in figure 7 imply that a 
potential lunar power capability from 5 to 120 
kWe can be made available by the late 1970’s. 

NASA and AEC are also developing the tech- 
nology for even higher power systems with single 
heat source capabilities up to 500 kWe or more. 

It is estimated that these more advanced systems 
could be ready for mission applications by the 
mid-1980’s if needed. 

POTENTIAL IMPACT OF MISSION 
FACTORS 

Mission factors, i.e., restraints and require- 
ments imposed by mission-dictated considera- 
tions, have been shown in studies to have a major 
bearing on power system design features and 
configurational details and, consequently, on 
power system characteristics of weight and size. 
Undoubtedly the actual mission, when defined, 
will alter or add to the factors discussed below. 

For some cases, a specific mission consider- 
ation can be accommodated with little or no 
penalty to either the power system or to the 
mission. In other cases, penalties may or will be 
involved. Where possible, those situations that 
could lead to an increase in system weight over 
that projected in figure 7 are noted. 

Launch Vehicle Restraints 

It may be desirable to use the surface of the 
payload volume above the logistic landing stage 
for power system heat rejection radiators. How- 
ever, there will be restraints imposed on the 
overall launch/landing vehicle height and, con- 
sequently, on payload surface area. A principal 
restraint on overall height is imposed by con- g 
sideration of winds aloft. This arises from | 
consideration of structural bending moments in 
jhe overall vehicle as it achieves the point of max- 
imum dynamic pressure and angle of attack in 
the launch trajectory. Wind conditions vary in 
intensity with months of the year and impose a 
probability that winds are suitable for launch. 

This probability also depends on overall vehicle 


and payload cylindrical height, assuming a con- 
ventional double cone nose shape as illustrated 
in figure 9. 

Reference 6 indicates that the current Apollo 
launch criteria (95-percent probability for 
launch in March) applied to a Saturn V logistic 
launch limits total payload surface area to 1500 
ft 2 . By accepting a lower launch probability 
in March 1970, payload surface area could be 
increased, perhaps to 2500 ft 2 . By comparing 
these areas with the required power system heat 
rejection areas given in figure 8, it can be seen 
that radiator deployment will be necessary for 
the high-power SNAP-8/Brayton systems and for 
the reactant regeneration subsystem of solar 
cell/fuel cell/reactant regeneration systems at 
power levels above 25 to 35 kWe. 

Payload Sharing 

Comparison of projected system weights in 
figure 7 with potential lunar logistic vehicle 
payload capabilities indicates that unused weight 
may be available for transporting other equipment 
or base expendables with the power system 
launch. The extent to which this unused weight 
can be effectively utilized reduces the cost of 
transporting the power system which is a major 
factor in overall cost to the mission for providing 
power. 



FIGURE 9. — Wind effects on Saturn V launch probability. 
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The degree to which payload sharing is possi- 
ble depends on such factors as dimensional char- 
acteristics of the non-power cargo, the logistic 
logic supporting base build up, etc. Payload 
sharing cannot be studied until a mission model 
that adequately defines the influencing variables 
is available. It is axiomatic that this aspect can 
have a major bearing on whether one power sys- 
tem has a major advantage over another from a 
weight and, therefore, cost point of view. 

Multiple Power Systems 

Figure 7 gives the characteristics of nuclear 
power systems using single heat sources. At 
least two considerations direct attention to the 
use of more than one nuclear power system to 
meet base power needs. 
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FIGURE 10. — Projected multiple power system weight versus 
power. 


The mission planner will undoubtedly want a 
backup power system available to supply base 
needs if there should be a failure in the primary 
power system. A review of potential power needs 
indicates that the backup level could be as high 
as 30 to 50 percent of full operational base load. 
One means for providing backup power is to use 
two or more independent power systems of the 
same type, which, when delivering bus bar power, 
meets full load needs. A failure in one system still 
leaves adequate power for continuance of the 
base until the failed system is repaired or a re- 
placement system is delivered. 

Figure 10 compares the weights of the five pro- 
jected systems if multiple power systems are de- 
sired. The weight of the solar cell/fuel cell/ 
reactant regeneration system is unchanged from 
figure 7 because this system can probably be 
modularized without a significant weight penalty. 
The isotope/Brayton system projection is based 
on the use of multiple 5- to 10-kW units. The 
reactor power system projections are based on 
the use of two independent systems, each sup- 
plying one-half of the total base power load. 
Weights for the individual power systems have 
been taken from figure 7. Two independent sys- 
tems are the minimum system redundancy to 
meet a backup power criteria. Figure 10 shows 
that the weight advantage of the reactor systems 
is diminished if multiple systems are desired. 

The second reason for considering multiple 


power units relates to mission approach in 
achieving the planned full base capability. Prob- 
ably an evolutionary approach will be imple- 
mented, starting with a base camp followed by a 
build up to full operational capability. Power 
needs will then grow as base activation pro- 
gresses, and the mission planner would prob- 
ably prefer, from a logistics point of view, to match 
this growth by adding more power systems as the 
need arises. The choice of individual power sys- 
tem rating, then, depends on the desired initial 
and end point power levels and the rate of growth 
of required power. Of course, those systems that 
can be more easily modularized into small inde- 
pendent units offer greater flexibility to meet this 
kind of requirement. 

Pre-Operational Storage 

References 4 and 6 suggest that a lunar base 
mission may require extended pre-operational, 
perhaps unattended, storage of the base power 
system. For the SNAP-8 reactor systems, 
reference 6 recommends that the stored power 
system be thermally protected from the low tem- 
peratures of the lunar night to avoid freezing of 
system fluids. Two possible schemes to ac- 
complish this are suggested. One is to contain the 
fluids in fill and drain tanks that use isotope 
thermal heaters to prevent freezing. An allowance 
for these tanks is included in the reactor system 
weights of figure 7. An alternate heating scheme 
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is to start up the reactor following landing and 
bring it to low power, using reactor thermal 
energy to keep the plant warm. This latter 
approach should save weight; but, of course, it 
cannot be adopted if the reactor is to be buried 
to save shielding weight. 

For the isotope/Bray ton system, thermal energy 
is continuously available and, if not used for 
thermal control, it would have to be dissipated. 
Specific means for properly distributing this 
thermal energy within the individual power units 
have not been considered. 

For the solar cell/fuel cell/reactant regenera- 
tion system, temperature limits will have to be 
maintained for at least the reactant regeneration 
subsystem during the storage period (ref. 11). 
Means for accomplishing this have not yet been 
specified. 

Pre-Operational Preparations 

Each of the five power systems projected will 
involve some degree of post-landing preparations 
before bus bar power is available. These prepara- 
tions may impose a substantial work load on 
the base crew or special equipment requirements. 

Figure 5 illustrated a reactor power system con- 
figuration that remains mounted on its landing 
vehicle for power operation. The payload sur- 
face area is used for the heat rejection radiators, 
and required shielding is shipped from the 
Earth. Greater detail is given in figure 11. Pre- 



FlGURE 11. — Rankine system landing vehicle mounted con- 
figuration details. 


operational preparations are the minimum possi- 
ble, primarily involving running power lines to 
the station. Also, this arrangement allows sys- 
tem pre-launch checkout, thus giving the great- 
est possible confidence in successful operation 
following the lunar landing. The chief disad- 
vantages of this approach are that all the neces- 
sary shielding must be shipped from Earth, and 
that power from the system is limited by the area 
available on the payload stage for heat rejection 
radiators. As noted in the discussion of launch 
vehicle restraints, the payload area for an ad- 
vanced logistics landing vehicle on top of the 
current Saturn V is probably limited to between 
1500 and 2500 ft 2 . By comparing this limitation 
to the required heat rejection areas given in 
figure 8, it is seen that this mode of deployment is 
not available to the high power SNAP-8/Brayton 
systems. A major up-rating of the Saturn V, if 
undertaken, may influence payload area, but addi- 
tional information is not available at this time. 

SNAP-8 system weight projections in figure 7 
indicate that a substantial weight saving can be 
realized if lunar “dirt” can be used to shield the 
reactor. A means for accomplishing this has not 
been reduced to an engineering design, but sev- 
eral conceptual approaches have been considered 
(ref. 6). In one approach, the power system is 
transported in a number of modules, all modules 
are off-loaded following landing, and the reactor / 
primary loop module is buried beneath the lunar 
surface. This approach was illustrated in figure 6. 
More detail on the buried reactor/primary loop 
module is shown in figure 12. The remaining 
modules are then placed on the surface above the 
reactor and interconnections, including welding 
of piping, are made. It was estimated that it 
would require three men 17 days to bring the 
system to operational readiness. It is apparent 
that savings in system weight are bought at the 
price of increased crew labor and perhaps the 
need for special skills. Other approaches, such 
as providing bins for lunar “dirt” around the 
reactor on launch, might produce a better 
balance of weight saving versus deployment 
envolvement. 

Solar arrays for the solar cell/fuel cell/reactant 
regeneration system because of their large areas, 
will have to be deployed on the lunar surface to 
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Figure 12. — Buried reactor details. 


achieve operational readiness. This will involve, 
at least, off-loading of the arrays, their set up, 
and completion of the necessary electrical inter- 
connections. It has been estimated that it would 
require three men 2.5 days to bring a 9-kWe 
system to operational readiness. At high power 
levels, it may also be necessary, as seen from the 
area requirements given in figure 8, to deploy 
radiators for the reactant regeneration subsystem. 
If total deployment man-hours is proportional to 
installed power level, it appears that the man- 
hours required to deploy either a high-power solar 
cell/fuel cell/reactant regeneration system or 
an off-loaded SNAP— 8 system would be about 
the same, although setting up the solar system 
probably involves less complex operations. 

Deployment does not appear to be a significant 
operations problem for a multiple isotope/Brayton 
system, providing means are available for moving 
individual off-loaded units to their final position 
(ref. 10), elected to off-load primarily because of 
radiator area considerations. After final place- 
ment on the lunar surface, it will be necessary to 
install isotope fuel capsules into the heat source 
heat blocks, to electrically interconnect the in- 
dividual units, and possibly to place light-weight 


spectral covers on the nearby lunar surface to 
reduce the effective heat sink temperature during 
the lunar day. This later step may be necessary 
because of the low heat-rejection temperature of 
the Brayton conversion system. There appears 
to be no fundamental reason why off-loading 
could not be avoided by using the landing 
vehicle pay-load surface area for radiators, as 
suggested for the reactor power systems, if the 
power level limitation is acceptable. 

Some of the deployment options involve move- 
ment of heavy loads from the landing vehicle 
to the final placement position. For example, 
individual isotope/Brayton units may weigh 
up to 9000 pounds. Data from reference 7 
indicate that a self-propelled, short-distance 
cargo carrier will weigh approximately 1.4 times 
the cargo to be carried (ref. 7). Thus, if some 
power system deployment schemes require a 
larger cargo carrier than would otherwise be 
necessary for the mission, a substantial weight 
penalty could be charged to the power system. 

The weight of individual units for the multiple 
isotope/Brayton system, at the time the off-loaded 
deployment mode was suggested (ref. 10), was 
under 3000 pounds. The higher unit weights 
shown in figure 7, caused primarily by nuclear 
safety considerations, suggest that a reexamina- 
tion of preferred deployment mode is necessary 
because of the potential impact on mobile 
equipment. 

Repair 

As mentioned previously, power systems with 
a life of 2 to 3 years are expected to be available 
for the lunar base mission. Varying degrees of 
redundancy will be incorporated to increase 
reliability. The specific approaches to redundancy 
for each projected system have been described. 
Still the capability of effecting even minor repairs 
could avoid long-term power outages and extend 
the power system’s useful life. A study on how 
repair of the SNAP-8/Rankine system might be 
effected (ref. 6) concluded that minor repairs, 
such as replacement of electrical and electronic 
components or modules, are entirely practical 
and that it is desirable to include means for ac- 
complishing this in the design. However, to 
accomplish even minor repairs requires increased 
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shielding with a consequent increase in system return to Earth. Since the reactor will not have 
weight. An allowance for this is included in the been operated at power prior to launch, it will 

weights in figure 7. Major repair activities, such not contain fission products, so the hazards to the 

as replacement of fluid containing components populace do not appear to be of major concern, 

or repair of piping leaks, were deemed feasible; Analysis has indicated that should the reactor 

however, reservations are in order about the prac- impact in water following an abort in transit, it 
ticality of this. Of course, repair of reactor loop might go critical. The consequences of this and 
malfunctions is not at all feasible because of a means for avoiding it are under study by AEC. 

radiation from the reactor and the activated There are no provisions included in system weight 

NaK coolant. These same general conclusions estimates for whatever protective means may be 

would appear to apply to the SNAP-8/Brayton required. 

and thermoelectric systems as well. Once the reactor is operated on the lunar 

Unlike the reactor systems, all major subsys- surface, the possible consequences of radioactive 
terns of the solar cell/fuel cell/reactant regener- fission product release need to be considered, 

ation system may be modularized, including the In terrestrial applications where atmospheric, 

reactant regeneration subsystem. Performance hydrological, and ecological factors can lead to 
data (ref. 4) indicate that there are no significant wide distribution of fission products if a power 

power or weights penalties for this subsystem at accident causes loss of reactor integrity, a 

regeneration rates down to an equivalent night- secondary containment vessel is used. The hazard 

time power of about 5 kWe. With total system to the lunar crew as a result of a similar accident 

modularization into small units, repair of major is not clear because of absence of these factors, 

failures could be effected by module replacement. No allowance has been included in the projection 

The type of minor maintenance mentioned for of SNAP-8 systems weights for secondary 

the SNAP-8 could also be performed for the reactor containment. Potential explosive energy 

isotope/Brayton system, probably without in- released by the SNAP-8 reactor in special 

curring a significant shield weight penalty. transient tests has been demonstrated to be small, 

Because heat transfer from the isotope heat on the order of a few tens of mW seconds, 

source to the Brayton conversion unit is by radia- Separation of the power system from the base 

tion, it is feasible to replace the entire Brayton by a short distance should obviate this hazard, 

loop package. Cutting and rewelding the rela- As mentioned previously, the weights given 

tively low temperature liquid lines connecting here for isotope/Brayton system include an 

it to the radiator would be necessary, but this allowance for a reentry vehicle to provide 

does not appear to be a formidable problem. against 2:w Pu fuel dispersal during reentry should 

However, a specific design to accomplish this an abort occur during the transit phase. To 

has not been engineered. Replacement of the further reduce potential hazards, the use of fuel 

Brayton loop package, if weight lifting and trans- with improved high temperature and impact 

portation means are available, appears more characteristics is being investigated, 

practical than accomplishing major maintenance 
on the SNAP-8 reactor systems. 

SUMMARY AND CONCLUSIONS 

Safet ^ Weight remains the most easily discernible 

Lunar mission use of nuclear systems imposes means for comparing the relative merits of lunar 

considerations of nuclear hazards to the Earth’s power systems. Assuming nearly equal htetimes 

populace and to the crew at the base. This has can be made available regardless of power system 

not been studied in depth for this mission, but type, weight will be one of the foremost criteria 

some general views can be stated. for power system selection because of the high 

Reactor systems hazards to the general popu- cost of Earth-to-Moon transportation, figure t 
lace could result only during those phases of gives weights of lunar systems as they can be 

Earth-to-Moon transit where the reactor could projected today. However, the discussion on 
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mission factors has shown that these could have a 
major effect on weight differences between 
candidate systems when real mission require* 
ments and constraints are applied. Results from 
future power system development and evaluation 
tests could also change power system weight 
projections. 

At higher power levels, it is apparent from 
figure 7 that the weight advantage of reactor 
power systems becomes overwhelming. However, 
it is concluded that, for power in the low tens of 
kilowatts, projected system weights are not a 
reliable measure of the relative merits of possible 
future lunar power systems. Not only might 
system weights that reflect the real constraints 
and requirements of a lunar mission differ 
significantly from those given in figure 7, but 
other criteria such as power system compatibility 
with overall logistic planning and desired base 
build-up sequence may become important in 
power system selection for the lunar base 
mission. 

REFERENCES 

1. Boretz. J.; AND Miller, J.: Large Solar Arrays for Multi- 
Mission Lunar Surface Exploration. Paper presented 


at Intersociety Energy Conversion and Engineering 
Conf., 1968. 

2. Boring, R.: Large Surface Solar Array Characteristics. 

Paper presented at Intersociety Energy Conversion 
and Engineering Conf., 1968. 

3. ScHULMAN, F.; and Smith, A.: Lunar Power Systems. 

Paper presented at the 4th Annual AIAA Meeting. 

4. Anon.: Study and Design Optimization of a Water Elec- 

trolysis System. H6SR47-68, NAS 8-21190, Space 
Division of Chrysler Corporation, June 1968. 

5. Anon.: Study of Separately Launched Multi-Use Space 

Electrical Power System. GESP-7007, General Electric 
Missile and Space Division, Nov. 1968. 

6. Anon.: Design Requirements for Reactor Power Systems 

for Lunar Exploration. LMSC— 677879, Lockheed 
Missiles and Space Company, Sept. 1967. 

7. Anon.: MIMOSA/Exploration Equipment Data Book. 

LMSC— A847943, Lockheed Missiles and Space 
Company, April 1967. 

8. Morgan, L.: and Johnson. R.: Improved Lunar Cargo 

and Personnel Delivery Systems. NASA SP-177, 
pp. 173-191. 

9. Anon.: SNAP-8 Performance Potential Study. Aerojet 

3386, NASA CR-72254, April 1967. 

10. Anon.: Study of an Electrical Power System for Support 

of a 12 Man Lunar Base. Doc. No. 67SD2006, Missile 
and Space Division, General Electric. 

11. Anon.: Mid-Term Progress Report on Study of a Water 

Electrolysis System for a Lunar Base Power System. 
HGS-R 125-68, Space Division, Chrysler Corporation, 
Dec. 1968. 



J. II. BELL, JR. 


The Boeing Company 
Huntsville , Alabama 


No-Loss Cryogenic Storage on the Lunar Surface 


Lunar exploration and extended lunar stay requires the capability of storing oxygen and hydrogen 
for extended periods of time. A technique for storing these cryogens for a period of 6 months to a year 
is described. This theory is based on the best cryogenic information available at this time. 

Under the Molab Study, Contract NAS8-20073, a study was made to determine the best method 
of storing propellants on the lunar surface; the results of this study are also presented. Curves were 
plotted for optimizing the design, and equipment layouts are presented showing designs and materials 
selected for best results. 


INTRODUCTION 

If hydrogen and oxygen could be stored on the 
Moon for a 6-month period without loss, the Moon 
geological expeditions in the 70’s would prove 
more feasible. This study will show the possibility 
of such no-loss storage. 

The studies conducted on the heat leak being 
discussed showed that it was possible to store 
frozen methane and hydrogen for 12-month 
periods in a superinsulated vessel under con- 
trolled temperature and pressure conditions 
(ref. 1). Calculations from a previous study under 
the Molab Study (Contract NAS8-20073) were 
used as a basis for determining optimum long- 
term storage of cryogens on the lunar surface. 
A system is described for loading and freezing 
the cryogens on Earth. Storage vessels filled with 
solid cryogens are than transported to the lunar 
surface for future use. The storage vessels each 
contain heater elements for use in expelling the 
cryogens on demand. 

SOLID CRYOGENIC STORAGE SYSTEM 
CONCEPT 

Description 

The system would consist of a solid (solidified 
liquefied gas) in a superinsulated container and 


a low-pressure relief system for solidification of 
the liquid with the minimum amount of heat leak 
to the outside. The outer surface properties 
determine the surface temperature of a spherical 
tank on the lunar surface. Figure 1 shows the 
surface temperature of a sphere with various 
coatings located on the equatorial zone of the 
lunar surface (ref. 2). White paint on the lunar 
sphere gives the lowest absorptivity-to-emissivity 
ratio (a/e) and hence the lowest temperature of 
the sphere; a =0.2 and e = 0.86; therefore, 
a/e = 0.232 for the values shown in figure 1. 

All cases in this study were based on the use 
of SI-62 superinsulation in a vacuum between 
the two shells of the sphere. Multilayers of 
aluminum foil separated by glass paper serve as 
the insulation. The K value for this insulation is 
2.5 X 10~° Btu/hr — °R in the range of cryogenic 
temperatures when subjected to 10“ e Torr 
vacuum. This value cannot always be reached, 
and a degradation factor of 2 was assumed for 
this study. Based on the increased A/? due to 
freezing, freezing of the liquid oxygen can 
increase storability by a factor of 1.5. For hy- 
drogen this factor is 1.38. 

In a cryogenic solid, the quantity of heat that a 
given weight of solid cryogen can absorb is 
dependent on the heat of fusion and the amount 
of heat required to bring the mass up to super- 
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Figure 1. — Surface temperature ol spherical object on Moon 
equator. 


critical conditions, assuming heating is uniform 
and phase changes occur in sequence throughout 
the mass. When solid hydrogen at 0 Btu/lb is 
melted and brought to 350 psia, supercritical 
conditions will have 264 Btu/lb, which is the 
allowable heat input for the storage period on the 
lunar surface. 

The success of the lunar storage project is 
based on the Linde SI-62 Insulation. The density 
of the insulation is 4.7 lb/cu ft, and the charac- 
teristics of this insulation are shown in figures 
2 and 3. Figure 2 shows the effect of the outer 
and inner vessel temperatures on the thermal 
conductivity of the insulation; figure 3 shows 
the effect of the outer surface a/e ratio on the 
thermal conductance of the insulated walls. In 
both cases the charts are for both lox and 
hydrogen, the most common cryogens needed 
in space and on the lunar surface. This will 
also require a special design to reduce the heat 
leakage to a minimum. The storage time depends 
on the quantity of the solid and the heat leak rate. 
Once the liquid was solidified, the vent system 



INSULATION OUTER TEMPERATURE (°R) 

Figure 2.— Apparent thermal conductivity of Unde SI-62 
superinsulation. 



FIGURE 3. — Thermal-conductivity temperature difference 
product, Linde SI-62 superinsulation (ref. 3). 

could be closed and sealed. Figure 4 shows the 
system used, to fill the storage system. 

Operation of the No-Loss Storage System 

The cryogenic storage sphere is filled to 
capacity with the liquid cryogenic material, 
and a vacuum is then pulled on the vent system 
to reduce the pressure over the liquid. As the 
liquid vaporizes, the vapor is drawn off and the 
remaining liquid freezes. Table I shows the 
temperature and pressure range at which various 
cryogens solidify (ref. 1). More liquid is fed in as 
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Figure 4. — Storage vessel filling schematic diagram. 


Table I . — Temperature and Pressure 
Ranges of Solid Coolants 


Material 

Temperature range 

Pressure 

range 

torr* 

°K 

°R 

Methane 

90 to 67 

162 to 120 

80 to 1 

Argon 

83 to 55 

149 to 99 

400 to 1 

Carbon dioxide 

68 to 51 

122 to 92 

10 to 1 

Nitrogen 

62 to 47 

112 to 84 

73.6 to 1 

Neon 

24 to 16 

43 to 39 

260 to 1 

Hydrogen 

14 to 10 

25 to 18 

56 to 2 


*Below these pressures only a l°-to-3° K temperature drop 
takes place. 


the vapor is drawn off until the proper weight 
of required gases is in the sphere and frozen. 
The fill line is then closed, removed from the 
source, insulated, and capped off. The vent line 
will be the outlet line when the supercritical 
fluid is drawn off for use 6 to 12 months later. 

In a cryogenic solid the quantity of heat that 


a given weight of solid can absorb is dependent 
on the heat of fusion and the amount of heat 
required to bring the mass up to supercritical 
conditions based on the assumptions above. For 
example, solid oxygen with enthalpy of 10 Btu/lb, 
when melted and brought to 1050 psia and to the 
supercritical condition, will have 120 Btu/lb 
for 6 months of storage. The design criteria for 
a 200-pound oxygen storage system then becomes 
200X 110, or 22 000-Btu heat leak for a 6- to 
12-month period. 

Tank plumbing and structural support of the 
inner tank play an important part in the overall 
operation of the system. Since support systems 
were kept to a minimum in each case, the support 
rods could be used as fill and vent lines for the 
inner sphere. A factor of 0.2 loss for structures 
was usejl for the computer study, but actual 
calculation showed this to be very low. 

The thermodynamic variables are (1) the sur- 
face temperature of the outside sphere, (2) the 
temperature of the cryogen over the storage 
period from the solid (frozen) state to the liquid 
state and to the supercritical state, and (3) the 
increased temperature of the cryogen caused by 
the addition of heaters in spheres to drive out 
the residual propellants so they can be used in 
the lunar systems. Some of the dependent vari- 
ables are the size of the sphere to hold the amount 
of cryogen for a definite period, the thickness of 
the shell to withstand the pressure, and the 
thickness of insulation to contain the cryogen for 
the required storage period. 

The goal of the cryogenic study is to design a 
supercritical storage vessel to keep cryogenic 
fluids for 6 to 12 months on the equatorial zone 
of the Moon. 

A preliminary computer study was made to 
determine the feasibility of such a design using 
state-of-the-art materials and superinsulation. 
The temperature and radiant energy on the lunar 
surface were thoroughly analyzed to determine 
the feasibility of the project under adverse con- 
ditions. The results of the computer study 
determined the appropriate thickness of insula- 
tion and the weights ol the systems required 
and provided information for optimizing the 
system design based on the propellant to be 
stored. 
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Figure 4 -the storage vessel filling schematic 
diagram — is based on the conservation of 
cryogens. If sufficient quantities of cryogens 
are available, the reliquefication phase can be 
eliminated. Only vacuum and a supply of cryo- 
gens are needed. 

Preliminary design calculations for actual 
systems are shown in the Appendix. 

CONCLUSIONS 

Small quantities of hydrogen (50 to 200 lb) 
and oxygen (200 to 1000 lb) can be stored for 
6 to 12 months on the lunar surface if the proper 
materials are selected and the designs are 
properly made. Insulation degradation can be 
held at 2 for design purposes. Storage system 
weights increase almost linearly with the lunar 
mission duration. Freezing of the fluids increases 
the length of lunar storability by a factor of 1.5 
for oxygen and a factor of 1.38 for hydrogen. 

APPENDIX 



MISSION SEVERITY PARAMETER 



Figure 11.— Tank sizes of optimum LH 2 storage systems 
(ref. 3). 


Tank sizes of optimum LH 2 storage systems 
are given in figure 11, and both tank and jacket 
sizes are based on the computer program 
results (ref. 3). 


Preliminary Oxygen System Design 

A sphere containing 200 lb of lox with 10- 
percent ullage: 

lox = 71. 17 lb/ft\ 200/71.17 = 2.78 cu ft + 10 
percent = 3.058 cu ft 
3.058 X 1728 = 5270 cu in. (V = 4/3 7rr?) 
n= yty '5270/4.188= 10.8 in. rj + 3 + .25 
+ .125 = 3.375 

r u = 14.175 in. Do — 28.35 in. 

, „ -f— . _ 477 r 2 

Am = VAj X A„ A- — 

Am = V10.16X 17.5= 13.33 sq ft 
Use 3 inches of superinsulation. 

Q= 13.33 X 2.5 X 4 x 10-> X 4400 = 5.87 
Btu/° F 

with outside painted white and using figure 3 for 
outside temperature. 

LMTD = 353° R 
4400 X 353 = 1 ,550.000° R hr 
Supercritical to solid CU (see figure 5 LMTD). 
Temperature 221 ° R. 

4400 X 221 =972,000 °R hr 
1550,000 - 972,000 ° R hr 0 R A( 

4400 

5.87 X 131 = 771 Btu through the insulation in 
6 months. 
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Connection heat leak. 

2 1/2-in. aluminum tubing fill and vent 3 in. 
long. 

2 No. 24 sensor wires copper 
2 No. 24 heater wires copper 
assume each 3 ft lead for copper 
K = 223.5 for copper 
K — 66.5 for aluminum 

Heat flow = KA^|- 

No. 24 wire 

n ^ 223.5 x .02~ 2 X .785 X 131 X4 
144X3 


= 0.0852 Btu/hr 
1/2-in. aluminum tube Q — 66.5 
(.5~ 2 — .37 _2 ).785 X 131 


144X3 

Total 4.8352 Btu/hr 


X 2 = 4.75 Btu/hr 


Connection losses: 4.8352 x4400 = 21,200 
Btu in 6 months 

Insulation losses: =771 Btu in 6 months 
Total 21,971 Btu in 6 months 
Allowable heat leak 22,000 Btu in 6 months 


From these preliminary design calculations, it 
appears that this system will contain 200 pounds 
of oxygen for 6 months with no loss due to venting. 


Preliminary Hydrogen System Design 

If hydrogen is to be stored on the Moon for 
6 months to a year, an even better system must 
be designed. Storage of hydrogen for 6 months 
without loss is the objective of this study. A 
quick set of preliminary calculations will show 
that it is physically impractical to store hydrogen 
for 6 months without loss on the Moon with the 
oxygen type system. To store 70 pounds of 
hydrogen for 6 months on the Moon, the frozen 
hydrogen would have an enthalpy of 20 Btu/lb, 
while 300 psi supercritical hydrogen would have 
210 Btu/lb or a net increase of 190 Btu/lb: 

70 X 190= 13,300 Btu in 6 months storage. 
One sphere containing 70 lb of hydrogen with 
10-percent ullage with wall thickness to hold 
critical pressure. 

Hydrogen — 4.43 lb/ft 3 70/4.43=15.84-10 
percent = 17.38 cu ft 


17.38 X 1728 — 30,200 cu in. (V = 4/3'7rr 3 ) 
r i ~ 30,000/4. 188= = 19.2 in. r, 

Use 6-inch insulation 

+ 6 +.25 +.125 = 6.375 in. 

G) = 25.575 in. Do = 51. 15 in. 


Am = VAi X Ao A = ^— 

144 

Am = V32.3X 56.9 = 42.1 sq ft 
0 — 42.1 x 2.5 X 2 X 10 _r> x 4400 = 9.26 
Btu/° F 

with outside painted white (see figure 2). 
For outside temperature LMTD = 50° R 


4400 X 50 = 220,000° R hr 
1550,000-220,000 


4400 


= 303° R At 


9.26X303 = 2800 Btu through 
6 months. 

Connection heat leak 

2-1/2 in. Teflon tubes. Fill and 
of critical pressure. 

2 No. 24 sensor wires 
2 No. 24 heater wires 
assume each lead 3 feet long 
K = 223.5 for copper 
K = .41 for Kel F 

Heat flow = KA 


insulation in 


vent capable 


No. 24 wire 


Q = 


223.5 X .020 2 x .785 X 303 X 4 
144X4 


= . 143 Btu/hr 
1/2 in. Kel F tube Q 

.41 x (.5 — .37 2 ).785 x 303 x 2 
144X4 


= .505 in. 


Total 0.648 Btu/hr 


Connection losses .648 X 4400 = 2850 Btu in. 
6 months 

Insulation loss = 2800 Btu in. 6 months 
Total 5650 Btu in. 6 months 
Allowable leak 13,300 Btu in. 6 months 


From the above preliminary calculations, it 
would appear that 70 pounds of frozen hydrogen 
can be stored on the moon for 6 months without 
loss if special 6-inch insulation and Teflon tubing 
is used for the system. 
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Toxicological Screening of Space Cabin 
Materials 


The advent of manned space flight initiated the demand for information concerning the effects 
of long-term continuous exposure to low concentrations of environmental contaminants. To control 
toxic contaminants in space cabins and to identify individual gas-oflf products, stringent material 
selection and analytical gas-oflf studies are performed. Since 1965, 278 materials have been analyzed 
prior to toxicological evaluation. Criteria for the screening process (TGA) and methods for detailed 
gas-oflf studies are described. The effects of reduced atmospheric pressure and oxygen-rich atmospheres 
on the characteristics of truly uninterrupted long-term exposure to toxic trace contaminants are also 
studied. A brief description of the altitude inhalation exposure facility (Thomas Domes) is given. 
Toxicological screening is performed by continuously exposing rats and mice to the gas-off products 
of candidate materials within a closed-loop life-support system which in turn is located inside a Thomas 
Dome. Two hundred and ninety materials have been screened for 7-day acute toxicity, and 102 materials 
have been studied for a 60-day duration. Results of the toxicological evaluations are discussed 


INTRODUCTION 

In the beginning of manned space flight there 
were no experimental data available on which 
to base prediction of man’s tolerance to trace 
contaminants that could be expected in a space 
cabin atmosphere. This was indeed the case even 
though the idea of sustaining men in a closed 
system was not particularly new or unique. The 
results of about 40 years of research effort by 
the United States Navy on the environmental 
control of habitable submarine atmospheres 
were available. These compiled data, however, 
were of limited value in the case of spacecraft 
because it was realized immediately, although 
the problems in the two systems are essentially 
alike, that environmental control problems in 
spacecraft will be greatly influenced by both the 
external and internal environments of the vehicle. 
All experimental data on continuous exposures 
that were available at that time were at ambient 
pressure and air environments. The spacecraft, 
on the other hand, had an atmosphere of 100 
percent oxygen at the reduced pressure of 5 psia. 
These conditions presented the possibility of an 
undesirable pulmonary reaction and the relative 


certainty that such an undesirable reaction would 
greatly reduce man’s tolerance to certain con- 
taminants that are generated by a number of 
sources in a space cabin. There was also another 
set of data available for a variety of toxic chemi- 
cals, i.e., the industrial threshold limit values 
(TLV’s). TLV’s are concentrations that are con- 
sidered to be harmless for daily 8-hour exposures, 
5 days a week, for at least 30 years’ duration. 
These values were of no help to the toxicologist 
in predicting the effects of continuous, truly 
uninterrupted exposure of men for extended 
periods of time to these compounds. One should 
then think that a “corrected” TLV (i.e., a value 
for a three-fold increased dose — the factor of 3 
would take into account a continuous exposure 
as compared to 8-hour interrupted periods) 
would be a valuable guideline for the toxicological 
evaluation of contaminant levels for a space 
cabin atmosphere. This assumption, however, 
cannot be made without great restraints; and 
unfortunately, to further complicate the situation, 
the astronaut will certainly be exposed to a 
complex mixture of contaminants. Such a situa- 
tion always carries the threat of potentiation of 
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toxic effects by individual constituents within 
the mixture. Realizing these circumstances, the 
toxicologist remained very skeptical about the 
usefulness of these numbers. This skepticism 
was confirmed by later experiments when 
animals were continuously exposed to the con- 
centrations of the appropriate industrial TLV 
of a variety of chemicals. It was found that this 
concentration was detrimental to the health of 
animals in many instances,* notably hydrazine, 
decaborane (candidate rocket propellants) and 
the mixture of indole, skatole, and methyl 
mercaptan (end products of metabolic processes) 
(ref. 1). Going back to the situation as it existed 
in the early days of manned space flight, it was 
evident that there was no toxicological informa- 
tion available and no hardware on hand with 
which to gather data concerning a long-term 
space mission with all its implications, i.e., zero 
gravity, reduced pressure, 100 percent oxygen 
atmosphere, continuous exposure to trace 
contaminants, and an unfavorable volume/man 
ratio. 

SCREENING OF SPACE CABIN 
MATERIALS 

Consequently scientists of the Toxic Hazards 
Division, Aerospace Medical Research Labora- 
tory, started work in the field of trace con- 
taminant toxicology. For this purpose a unique 
inhalation exposure facility has been built with 
the capability to study inhalation toxicology 
under continuous conditions. Thus the study of 
the influence of low atmospheric pressure and 
oxygen-rich atmospheres on the characteristics 
of truly uninterrupted long-term exposure to 
toxic gases and vapors that are encountered in a 
space cabin became possible for the first time 

(fig- 1). 

The facility became operational in September 
1964 and consisted of four dome-shaped altitude 
chambers. The Thomas Domes were conceptually 
designed by Dr. A. A. Thomas, Director of the 
Toxic Hazards Division, and were engineered and 
installed by the Aerojet-General Corporation. 
Four additional domes have been added since, 


*The concentration caused nearly 100*percent mortality 
in some cases. 


and the facility is currently operated by the 
SysteMed Corporation jointly with Air Force 
personnel. 

Among the other sources of trace contaminants 
(i.e., the life-support system and man himself), 
the construction materials of the space cabin, 
especially the nonmetallic materials, are the 
main target for detailed investigations in an effort 
to control the space cabin atmosphere. Before 
any toxicological investigations on the candidate 
materials are performed, a selection based on 
thermogravimetric analysis (TGA) data as well as 
detailed gas-off studies is made to identify those 
candidates that can be considered seriously as 
constructual components for the manned portion 
of the spacecraft. This screening is very helpful 
to avoid an undue workload and to cut back on 
expenditures for costly toxicological evaluations. 

For the initial screening, approximately lOg 
of a material is placed into a thermogravimetric 
screening apparatus (fig. 2). The weight loss of 
the material is continuously recorded while the 
temperature is programmed from ambient to 
68° C over a 30-minute period. The temperature 
is then maintained at 68 ± 0.5° C for a maximum 
of 20 hours or until the weight remains constant 
for at least 2 hours. Over the same time period, 
a hygrometer probe determines the amount of 
water vapor given off by the material and these 
measurements are also continuously recorded. 
All TGA procedures are performed in prepurified 
nitrogen at 5 psia under dynamic conditions. All 
materials that lose more than 1.0 percent of their 
weight, exclusive of water, under the experi- 
mental conditions are recommended for disquali- 
fication based on engineering criteria. Materials 
that yield volatiles in the range from 0.001 to 
1.0 percent of their weight, exclusive of water, 
under the described conditions are selected for 
further detailed gas-off studies. Figure 3 shows 
a typical TGA pattern of such a material. Finally 
materials losing less than 0.001 percent of their 
weight (exclusive of water) are recommended for 
conditional acceptance because the evolved 
amount of volatiles is considered of no toxicolog- 
ical significance. As the technology of com- 
pounding nonmetallic space cabin materials 
progresses, an increasing number of candidate 
materials that fall into this category is received 
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in our laboratory. At this point it should be 
emphasized that the lower limit of 0.001-percent 
weight loss may become subject to further 
critical review when the duration of manned 
space missions is extended beyond the presently 
encountered periods of about 2 weeks. For future 
prolonged space missions, the spacecraft design 
will have to be improved with respect to leak 
rates. Such improvement in the area of decreased 
leak rates, however, will further aggravate the 
problem of contaminant build-up in the space 
cabin. 

The next step in the screening of a candidate 
space cabin material involves detailed gas-off 
analyses. The selected materials are stored in 
9-liter boro-silicate glass chambers at 68 ± 2° C 


for 72 hours and at 25 ± 2° C for a period of 30 
days. The atmosphere in the chambers is 100- 
percent oxygen at a pressure of 5 psia. The 
gaseous contaminants evolved from the test 
materials are identified by combinations of gas 
chromatography, mass spectrometry and 
IR-spectroscopy as needed. The sample prepara- 
tion and the analytical procedures are far more 
complex than is evident in this brief summary. 
In table I the results of gas-off analyses are 
summarized for the same material for which 
the TGA curve was given in figure 3. 

The composition of head-gas of this material 
is quite typical. The presence of all types of sol- 
vents in various amounts as they are used in the 
manufacturing process of the nonmetallic space 
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Fk;i re 2. — Thermojrravimetric analysis system. 
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Fk;i re 3. — Typical TO A pattern. 

cabin material is observed frequently. The pres- 
ence of the respective monomers in the case of 
polymeric materials is also very common. 
Methane and carbon monoxide contaminants 
have been observed in almost every material 
tested so far. To the latter trace contaminant we 
devote a great deal of attention because of its pro- 
nounced toxicological characteristics. 

About 300 materials have been completely 
analyzed since 1965. Almost 200 different vola- 
tile contaminants have been identified during 
these studies, which were conducted until May 
1969 by the Monsanto Research Corporation, 


TABLE I . — Gas-off Products from 
Corf l 615 Adhesive 


Component 

Weight of component 
(mjr/10 trms candidate material) 

72 hours 
(68° C) 

30 days 
(25° C) 

60 days 

(25° C) 

Methanol 

0.041 

(*) 

(*) 

Acetone 

0.045 

0.037 

0.052 

Ethanol 

0.27 

0.17 

0.20 

Benzene 

0.035 

1.3 

(*) 

(*) 

Toluene 

1.1 

1.2 

Xylenes 

0.050 

0.025 

0.030 

C { alkylbenzene 

0.015 

(*) 

(*) 

Carbon monoxide 

1.0 

0.10 

0.22 

Methane 

0.01 

0.001 

0.002 



Not detected. 


Dayton Laboratory, under contract for the Air 
Force (refs. 2 through 5). The same effort is now 
being carried on in the laboratories of the Chemi- 
cal Hazards Branch, the Toxic Hazards Division 
of the Aerospace Medical Research Laboratory. 
Assuming that the testing up to this point did not 
reveal any evidence of a possible toxicological 
hazard, either by the nature of one specific con- 
taminant or by the amount of evolved volatiles, 
the candidate material still has to pass one fur- 
ther test. Since the biological responses to combi- 
nations of potential toxicants cannot be predicted 
from toxicological evaluation of the individual 
compounds of that mixture, due to additive, 
synergistic, and potentiating effects, actual toxi- 
cological testing of the entire mixture must be 
performed. To this end, test animals are exposed 
to the complex mixtures of gas-off products of 
candidate space cabin materials in the Thomas 
Domes. 

This series of animal experiments was begun 
in 1965 on NASA’s behalf for the toxicological 
evaluation of nonmetallic materials used in the 
construction of Apollo space cabins. The program 
has been expanded and now includes the testing 
of materials utilized throughout the entire manned 
space program. A schematic diagram depicting a 
closed-loop life-support system that is used in 
these studies is shown in figure 4. This equip- 
ment has been incorporated within a Thomas 
Dome that is used as an environmental envelope. 
The systems are operated at 5-psia pressure 
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either with a 100-percent oxygen-gas supply or 
with a mixed gas atmosphere of 68 percent 0 2 and 
32 percent N 2 utilizing a life-support loop com- 
prised of a water vapor and carbon dioxide 
removal system. Carbon dioxide is usually con- 
trolled at 0.5 percent, but a bypass loop around a 
lithium hydroxide canister permits operation at 
C0 2 concentrations comparable to any actual 
space flight conditions. 

The animal exposures are conducted in two 
distinct series of tests. Continuous 7-day ex- 
posures of rats and mice are performed for initial 
toxicological screening employing smaller groups 
of candidate materials 25) followed by a 60-day 
exposure of the combined 7-day tested materials 
in an amount of up to 100 materials for a single 
test. A prepared group of materials is placed in 
a vacuum oven which is part of the closed-loop 
life support system. The oven is heated to 
155° F (at 5 psia) and then the breathing atmos- 
phere is passed through the oven and introduced 
into the animal exposure portion of the closed- 
loop with the added gas-off products. To control 
the temperature in the animal exposure portion, 
the recirculated gas-flow is split into an appro- 
priate ratio of one part going back through the 
oven and the other part by-passed through a heat 
exchanger. Since oxygen is consumed for animal 
metabolism, it is replaced through a two-way 
pressure relief valve from the dome outer 
envelope operating with a 100 percent 0 2 atmos- 
phere. Inert gas losses in mixed gas atmosphere 
tests are made up manually from cylinder gas 


storage. The conditions are the same for both the 
short- and long-term exposures, except for the 
amount of cabin material utilized. This is lOOg 
each for the 7-day experiment and lOg each for 
the 60-day studies. The 7-day exposures are 
designed for initial screening. This time period 
is sufficient to indicate the presence of a “bad 
actor” by comparison of control and test animals 
with respect to clinical symptomology, mortality, 
total body weight gain, organ weights, organ-to- 
body weight ratios, and gross pathology examina- 
tions at necropsy. These are the critical criteria 
utilized in these experiments for the assessment 
of toxicological effects. The necropsies are 
performed on both control and test animals in 
two groups at 2 and 4 weeks after exposure. If 
a toxic effect is observed, the relatively small 
group of candidate cabin materials can readily 
be sub-divided for repeat exposures until the 
material that releases the toxic agent is identified. 

After about 100 materials have been screened 
in the described manner, these materials are 
then introduced into the continuous, long-term 
60-day exposure of rats, and mice to the gas-off 
products of these candidates. For these final 
studies, added criteria for the assessment of 
animal responses to toxic effects are histopatho- 
logical examinations and, if warranted, electron 
microscopic investigations. During a particular 
60-day exposure to gas-off products from 100 
Apollo space cabin materials, groups of 20 rats 
(110-135g) and 25 mice (15— 30g) all male, repre- 
senting a typical animal population for these 
studies, were used as test animals. The recorded 
body weight data of the rats from this experiment 
were randomly selected as an example for the 
demonstration of the results. The data are illus- 
trated in figure 5. It can be seen that the mean 
weight gains closely parallel each other for the 
2 weeks’ pre-exposure. For the post-exposure 
period, one might suspect some differences. 
However, statistical comparison of the mean 
body weight gains indicated no significance at 
the 95-percent level of confidence; the large 
standard deviations tended to negate any 
seemingly real difference (ref. 6). Based on all 
criteria used for assessment of effects, no meas- 
urable response was observed in rodents exposed 
continuously for 60 days to the gas-off products 
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of 100 Apollo space cabin materials in a 100- 
percent oxygen, 5-psia environment. 

The outcome of this study can be looked at 
from two different viewpoints. One approach 
would give unequivocal satisfaction over the 
result that no evidence of any measurable toxico- 
logical effect could be detected in the test 
animals. This is assuming, of course, that the 
data can be extrapolated to man. The alternate 
way of judging the negative result of the experi- 
ment could be to question the necessity for these 
involved and costly investigations, since as many 
as 100 materials showed no evidence of ari 
adverse effect, even under the exotic test con- 
ditions. Both approaches, however, have their 
weak points. The shortcoming in the first one is 
the somewhat tenuous extrapolation of animal 
data to man; therefore, more toxicological data 
are required. The drawback to the second 
approach is much more serious because it may 
result in a possible oversight of just one dan- 
gerous material. Only one toxic compound is 
needed to set the stage for a catastrophe (ref. 7). 

The experience with carboxynitroso rubber 
(CNR) very explicitly illustrates the necessity 
for a constant lookout for the one bad material. 
Carboxynitroso rubber is a synthetic polymer 
with rubber-like properties and has the added 
advantage of being noncombustible. Due to its 
nonflammability, CNR was selected as a can- 
didate material for use in the Apollo spacecraft 
as a replacement for combustible materials with 


similar properties. Under normal conditions car- 
boxynitroso rubber is a harmless material. 
However, its properties under emergency situ- 
ations, for instance a localized overheating in 
the circuitry where CNR is utilized as insulating 
material, were not known. CNR was submitted 
to our laboratories for determination of flamma- 
bility in 100-percent oxygen and for chemical 
analysis of pyrolysis products formed. It was 
found that complete decomposition occurred 
at about 300° C, as illustrated in figure 6. The 
pyrolyzate had very pronounced irritative 
properties to the nasal passages and bronchial 
tubes as experienced by one experimenter. Con- 
sequently animal experimentation was conducted 
to define the acute toxicity of the pyrolyzate. 
Based on information that approximately 65g 
of CNR would be used in a space cabin having a 
free volume of about 8 m :i , an inhalation exposure 
concentration of 7.65 mg/1 was selected for test- 
ing. A group of five rats was placed in a 30-liter 
chamber filled with 100 percent 0~. The sample 
of CNR was heated in a nichrome wire basket 
until spontaneous decomposition of the rubber 
occurred. Dense, white fumes filled the chamber 
in which the rats were caged. Four of the five 
rats died during the 30-minute exposure period, 
and the remaining animal expired immediately 
upon removal to ambient air. 

The composition of the volatile decomposition 
products of a sample from the same batch of 
carboxynitroso rubber was analyzed at different 



FIGURE 6. — TGA pattern of CNR sample. 
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Components 


Carbon dioxide 

Carbon monoxide 

Nitrogen dioxide 

Nitric oxide 

Silicone tetrafluoride 

Carbonyl fluoride 

Trifluorom ethyl isocyanate 

Perfluoro- methyl methyleniniine, 
Uncharacterized 


CO, 

CO 

NO, 

NO 

SiF, 

COF, 

CF:iN=C=0 

CF,=N— CF :{ 

Silicon component 
Perfluorocarbons. . 


Hexafluorodimethylamine. 


(CF:sbNH 


TGA results. 


*Performed in stainless-steel bomb. 


Mole ratios of components 
relative to carbon dioxide 



tested for 

1 hour at 


125° C 

250° C 

350° C 

350° C* 

1.0 

1.0 

1.0 

1.0 

0.01 

0.4 

0.5 

0.6 

ND 

trace 

0.1 

0.1 

ND 

trace 

0.02 

0.01 

ND 

0.2 

0.3 

0.1 

0.06 

0.2 

0.02 

0.02 

0.009 

0.04 

0.04 

0.02 

0.08 

0.3 

0.05 

0.04 

ND 

ND 

0.006 

trace 

0.06 

0.005 

0.03 

0.006 

ND 

trace 

ND 

0.02 

. < 1% wt loss 

•— 10% wt loss 

> 95% wt loss 



temperatures. The results of these analyses are 
tabulated in table II. The observed toxic response 
to CNR pyrolyzate cannot be readily explained 
with respect to a specific causative agent. With 
the exception of perfluoro-methyl-methylene- 
imine, none of the compounds identified in the 
CNR pyrolyzate have been reported to be as 
highly toxic as was observed. This could very 
well mean that the imine is the causative agent. 
In this case a concentration of about 300 ppm 
breathed for a 2-minute period is lethal, and a 
concentration of about 65 ppm inhaled for a 30- 
minute period would prove fatal. The possibility 
exists that synergistic or potentiating effects 
were involved. 

CONCLUSIONS 

The toxicological evaluation of materials 
associated with manned space flights is per- 
formed to establish tolerance limits for contami- 
nants that will inevitably be present in cabin 
atmospheres. This is an enormous task that 
requires the concerted efforts of a diversified 
team, recruited from a wide spectrum of scientific 
disciplines. Scientists involved in these investiga- 
tions include physicians, toxicologists, patholo- 
gists, clinical and analytical chemists, and 
electron microscopists as well as facility en- 


gineers. With the prospect of future 1000-day 
space missions, it will take an all-out effort from 
the above mentioned scientific talent to establish 
man’s tolerance to trace contaminants for this 
time period so that the information will be 
available when it is needed in the next few 
decades. 
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Feeding Man in Space* 


In 1961 President John F. Kennedy estab- 
lished a goal that resulted in the initiation of 
manned space flights that have offered unique 
challenges to many scientific personnel. The 
food technologists have also been challenged by 
the many constraints placed on the design and 
fabrication of foods suitable for consumption in 
space. For example, the following list gives vari- 
ous space food criteria: 

(1) Acceptability 

Liked by astronauts 
Familiar flavor and texture 
Assure sustained consumption for 
flight duration 

(2) Physiologic 

Nutritious 

High caloric density 
Digestible 
Low residue 
Non-gas producing 
Wholesome 

Cause no gastric disturbance 

(3) Stability 

Biologically, chemically, and physically 
stable without refrigeration 
Withstand flexible packaging under 
25-torr pressure (i.e., 29 in. vacuum) 
Withstand storage for: 

(a) GEMINI 

136° F for 3 hours 
100° F for 2 weeks 

(b) APOLLO 

0 to 130° F for 100 hours 
75° F for 400 hours 


* This paper reports work undertaken in cooperation with 
NASA (Project No. NASA T 20541— G) and the Air Force 
(AF M1PR AM6-40061) in developing food for space feeding 
use. 


(c) MOL 

0 to 100° F for 30 days 

(4) Utility 

Crumb free at time of consumption 
Reconstitute in 80° F water (GEMINI) 
Reconstitute in 45° F and/or 155° F water 
(APOLLO and MOL) 

Meet quality assurance provisions 

Small volume 

Lightweight 

The problem of designing space food was not 
onlv one of maintaining high nutritional and ac- 
ceptability levels; consideration had to be given 
to weight and size, the non-availability of refriger- 
ation, the temperature of the water available 
for rehydration, and the fact that the food was 
to be consumed in a weightless environment. 
All this pointed to the need for highly stable 
“convenience type” food. Toward this end, five 
basic approaches were taken in the development 
of food suitable for use on Projects Mercury, 
Gemini, Apollo, and ultimately the Manned 
Orbiting Laboratory (MOL) program of the Air 
Force. The five categories of foods used are 
sterile semi-solid foods, bite-size dehydrated 
foods to be eaten dry, precooked dehydrated 
foods (rehydratables) to be reconstituted with 
water by the astronaut before consumption, 
thermally stabilized flexibly packaged wet 
foods, and intermediate moisture foods. All five 
categories were included in the Apollo 10 and 11 
menus. 

Prior to the first flight of Project Mercury, 
limited experimentation by the Air Force dem- 
onstrated that it was possible to eat and drink 
while in a weightless condition. As the period of 
weightlessness experienced was of less than 1 
minute’s duration, extreme caution was exer- 
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cised in the selection of the food for the first 
Project Mercury flights. Thus the first feeding 
system used in Project Mercury was drawn with 
little or no modification from that used by the 
Air Force for feeding pilots operating under 
conditions requiring pressurized head gear. 
Semi-solid, sterile meat combinations and fruits 
developed for Air Force high-altitude flight use 
were adapted to Project Mercury use. These 
products were of the consistency of junior baby 
foods and were packaged in collapsible aluminum 
tubes (approximately 5-oz capacity) having a 
non-toxic, food-grade organic inside coating. A 
polystyrene extension tube, called a “pontube,” 
screwed onto the aluminum tube and permitted 
ready passage of the comminuted food into die 
astronaut’s mouth. Astronauts Glenn, Carpenter, 
and Schirra were supplied these semi-solid foods. 

Project Mercury also utilized bite-size pieces 
of dehydrated food and low moisture confection 
items. For example, John Glenn’s semi-solid 
applesauce was supplemented by compressed 
chocolate malted-milk tablets. Several of these 
bite-size foods were adapted from operational 
rations previously developed for the armed 
forces. These items, while acceptable, presented 
several technical problems, most immediate of 
which was a reliable method for preventing the 
formation and release of crumbs in the cabin 
during orbital flight. Crumbs could have been 
aspirated by the astronaut, obscured his vision, 
and even caused equipment malfunction. 

Experience from the first Mercury flights 
supported the position that semi-solid, sterile 
foods, although convenient to eat, were not 
suitable for extensive space flight use. The pureed 
foods were not well accepted as a steady diet. 
In addition, since these products contained about 
80-percent water, they provided relatively few 
calories for their weight and cube. Moreover, 
the availability of water as a by-product of the 
spacecraft fuel cell operation and the knowledge 
that it could be made potable dictated the use of 
dehydrated foods as the most economical method 
of food supply. Since most of the weight of food 
is water, use of dehydrated foods permits a major 
weight savings. 

Two approaches on the use of dehydrated foods 
were pursued: bite-size foods and rehydratables. 
The availability of acceptable prototypes of bite- 


size and rehydratable foods resulted in the elimi- 
nation of the semi-solid foods from the final 
Mercury flight menu. This menu included four 
products to be rehydrated in and consumed 
from special Og sealed packages. In addition, a 
variety of bite-size pieces to be consumed by 
placing directly in the mouth were available as 
shown in figure 1 (ref. 1). 



Fica RE 1 . — Food samples from Project Mercury. 


Semi-solid foods were not used on any of the 10 
manned Gemini flights or on the first three Apollo 
flights. The two semi-solid items, ham salad and 
chicken salad, provided for both the Apollo 10 
and 11 menus at NASA’s request, are quite dif- 
ferent from their early Mercury predecessors. 
These products were specially formulated to ap- 
proximately 60-percent moisture content and 
were processed in a hyperbaric chamber to mini- 
mize texture and flavor changes normally occur- 
ring in heat-processed foods. These salads are to 
be used as sandwich fillings. 

BITE-SIZE FOODS 

The simplest, most convenient approach to 
space feeding is the use of bite-size units since 
these require no preparation by the astronaut (fig. 
2). In the form of cubes or rectangles, they pack 
efficiently with a favorable ratio between food 
and packaging material. Special formulation and 
dehydration in conjunction with compression per- 
mit high nutrient content per unit of weight and 
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MEATSy 


BITE SIZE SPACE FOODS# 
SANDWICHES r 



Fl<a RE 2. — Bite size space foods. 


cube and improve stability after packaging. 
Freeze drying is generally the preferred method 
for dehydrating meats, fruits, sandwiches, and 
desserts, since few deleterious changes occur 
during drying, and the resulting products are 
capable of rapid rehydration in the mouth. Tech- 
nological problems arose in the design and fabri- 
cation of bite-size foods to make them withstand 
the mechanical stresses associated with space 
flight. The problem of eliminating crumbs at 
time of consumption was especially troublesome. 

Prevention of crumbling is in itself a unique 
problem. Control bas been accomplished in sev- 
eral ways, primarily through careful product for- 
mulation. Binders in compressed food, gelatin in 
molded freeze-dried products, and careful con- 
trol of fat content have aided in the control of crum- 
bling. A variety of processing techniques have 


also contributed. A practical expedient has been 
the application of edible protective coatings. 
These are applied to all bite-size foods except 
bacon. The compressed bacon squares have been 
packaged under vacuum in a flexible package, 
resulting in a crumb-free, smooth, hardened sur- 
face. An investigation is still underway looking 
toward the development of a reliable coating 
which can be applied by an automated procedure 
to all bite-size foods. 

Most bite-sized foods are now coated with 
one of three basic coatings. Compressed cereal 
and bread cubes and fruitcake pieces are com- 
patible with a simple gelatin solution. For the 
high fat confection products, a zein-in-alcohol 
solution proves most satisfactory. Other products 
are coated with an emulsion comprised of sodium 
caseinate, oil, glycerine, gelatin and water. All 
coatings are applied as liquids, and the excess 
moisture or solvent is removed by drying, usually 
freeze drying. After drying, the coating becomes 
firm and protects the food from damage in subse- 
quent handling. Table I exemplifies the research 
and development expended on coating problems 
with bite-size foods. Experimental coatings tried, 
but found unsuitable prior to space flight, have 
been omitted from this summary. 

The coating problem was intensified by the 
requirement that all space food be packaged in 
non-rigid containers evacuated to approximately 
29 in. of mercury at the time of sealing and 
withstand storage at 100° F under atmospheric 
pressure. The pressure differential between the 
atmosphere and the internal pressure in the 
flexible package subjects the contents to a con- 


TABLE I. — Evolution of Coatings for Sandwiches* and Meat Bites 
Where used Coatings used Reason discontinued 

M ercury 9 Aeetylated monoglycerides Imp 109° F) Might cabin temperature exceeded 109° F; coating 

melted. 

Gemini 3 Hydrogenated palm kernel oil Imp 136° F plus a Coatings were incompatible: starch film flaked 

high amylose starch film overcoat). badly and turned hitter on storage. 

Gemini 4 through 8 Hydrogenated palm kernel oil (mp 136° F), 2 coats... [ nacceptable to astronauts (inhibited hydration in 

mouth and covered roof of mouth); poor digesti- 
bility. steatorrhea. 

Gemini 9 through 12 Sodium caseinate, fat. sugar emulsion Sweetness not liked on non-sweet products. 

Apollo Sodium caseinate, fat emulsion (standard coating)... (Still in use). 


All sandwiches are coated with gelatin during manufacture. 
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st ant force which in some foods has produced 
undesirable changes (refs. 2 and 3). For example, 
compressed baked gingerbread, brownies, and 
fruitcake pieces exuded oily fluids when so 
packaged. To correct the problem, it was neces- 
sary to change the ingredients and the coatings 
and to lower the moisture level in the products. 
Freeze drying the fruitcake pieces corrected 
the exudation problem and also eliminated the 
need for the starch wafers which had been 
applied to absorb the free moisture (fig. 3). 

Application of the standard coating requires 
considerable technological skill and has been 
the cause of many problems. Poor adhesion, 
cracking, brittleness and toughness in the 
coating, sloughing of product during coating 
and partial coverage (i.e., bare spots) are some 
of the difficulties experienced. These are par- 
tially due to shrinkage during drying and are in- 
fluenced by the thickness of the coating and the 
amount that soaks into the product. The mineral 
content of the water used as a plasticizer in the 
coating affects its viscosity and subsequent 
performance. Therefore, it has been necessary 
to specify the use of distilled water. 

Uncompressed baked items such as pound 
cake bites and fresh bread collapse when 
packaged in a flexible pouch under low pressure. 
Since their resultant textures are gummy and 
unappetizing, the only naturally baked product 
used in current menus is fruitcake. All bread 
items now used are either compressed (i.e., 
toasted bread cube) or freeze dried (i.e., sand- 
wiches, cinnamon toast). Production costs of 
freeze-dried sandwiches are exceedingly high 
due to the amount of labor required. Splitting 
of the product during drying causes poor yields, 
a high rejection rate, and other quality control 
problems. The sandwiches are still a potential 
crumb hazard; therefore, appropriate replace- 
ments are urgently desired.* 

Although the Space Food Prototype Produc- 
tion Guides furnished brand names of ingredi- 
ents used in developmental work, their use was 
not mandatory. As a consequence, occasional 


*SubsequentIy NASA added fresh bread (white, 
rye, and cheese) packaged under a slight positive 
nitrogen pressure to the Apollo 11 flight menu. 



FldJRE 3. — Problems encountered in development of bite-size 
foods: poor adhesion of coating to bite, exudation of fluid 
from baked products, and collapse of uncompressed baked 
products with vacuum packaging. 

problems arose when other components were sub- 
stituted. A typical problem was one that occurred 
with cinnamon toast pieces when, in order to 
better satisfy quality assurance requirements, a 
continuous mix bread was substituted for the 
firmer non-uniformly textured specialty bread 
used in the development work. This was done to 
meet an initial requirement (which subsequently 
has been changed) for products having no holes 




FEEDING MAN IN SPACE 


43 


or voids exceeding Vs in. in any dimension. How- 
ever, the finer textured continuous mix bread 
crushed under the stress of 29 in. vacuum and 
resulted in a completely unusable product. Use 
of the specified bread results in an acceptable 
cinnamon toast. 

Common problems which have been met in 
bite-size compressed foods are fragility, splitting, 
lack of cohesion, relaxation after compression, 
variable density, nonuniformity in size and shape, 
loss of palatability and extreme variability in 
texture between lots. Experience has shown that 
adjustments either in formulation or procedures 
are almost always necessary to adapt to different 
types of pressures. Physical and chemical changes 
occur on prolonged storage, and with exposure to 
high temperatures (i.e., the required 136° F for 3 
hours) some bites harden, others soften. These 
changes are difficult to predict and control. On 
the other hand, compressed bite-size foods pro- 
vide needed variety and have proved generally 
acceptable. They require neither preparation for 
consumption, nor special equipment, only a 
simple transfer to the mouth. They pack with 
maximum efficiency and have a high caloric 
density on both a weight and volume basis. One 
factor that remains critical to their continued or 
even frequent use is their extreme dryness, par- 
ticularly when consumed without benefit of a 
swallow of water. 

REHYDRATABLE FOODS 

For a decade prior to NASA’s requirement for 
special foods, scientists at Natick Laboratories 
were active in the production of freeze-dried 
foods and in their application to military opera- 
tional rations. Particular attention had been 
directed toward the development of a feeding sys- 
tem in which the major components required only 
the addition of water and a brief holding period 
prior to consumption. A number of such products 
were rapidly adapted to the more exacting re- 
quirements of NASA and in many cases have 
been improved through further effort. A major 
problem was the attainment of acceptable meats, 
stews, and vegetables when only 80° F water was 
available for their reconstitution. The use of pre- 
gelatinized starches solved the problem for most 
of these products. In addition, new families of 


freeze-dried products, such as meat salads, have 
been developed and proved suitable for space 
feeding. In fact, these space flight salads have 
also been adopted by industry and are being mar- 
keted commercially to restaurants and institu- 
tional feeding companies. Figure 4 shows a 
variety of rehydratable foods. 

The Army too has benefited from its space 
food development program since “spin off” 
permitted improvement and redesign of the 
precooked dehydrated entree items of the Food 
Packet, Long Range Patrol (fig. 5) within a record 
3 months’ period. The redesigned packet is 
extremely popular in Vietnam. The long range 
patrol formulas have greater caloric densities 
per unit of weight and larger component piece 
sizes than do the space food counterparts from 
which they were derived. For these reasons 
beginning with Apollo 10, five long range patrol 
formulas — chicken and rice, spaghetti and meat 
sauce, beef stew, chicken stew and pork with 
escalloped potatoes were adopted for space 
flight use. NASA is having these products 
packaged in a newly designed “spoon and bowl” 
type rectangular zero gravity feeder (figs. 6 and 
7).* The feeder will have a valve to facilitiate 
rehydration of the food with the standard hot 
water probe provided on the Apollo capsule. 
Consumption of the foods after reconstitution 
will be with a spoon. Therefore, the mouth port 
(polyethylene tube) provided on the standard Og 
feeder will be replaced by two parallel reclosable 
zippers. The lower zipper, in the open mode, 
serves as a scraper to prevent contamination of 
the top zipper which serves as a closure system. 
After food contents have been removed and the 
antimicrobial waste stabilization agent has been 
added the zippers are closed and the package 
stored in the waste storage area. 

Credit for the introduction of spoon eating in 
space goes to the Air Force. Through a series of 
experiments in the F-100 and C-135 aircraft, 
they proved that food can be consumed with a 
spoon in zero gravity. Completely liquid foods 
are the exception. In zero gravity food mixtures 
exhibit considerable surface tension and adhere 


*NASA Contract NAS-9-9032, Whirlpool Corpora- 
tion, St. Joseph, Michigan. 
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VEGETABLES 


SAUSAGE PATTits 


COHN 


PUDDINGS 


BEVERAGES 


FRUIT COCKTAIL 


TOASTED OATS 


REHYDRATABLE SPACE FOODS 


FIGURE 4. —Some rehydratable space foods. 



Figure 5. — Samples of the Army Long Range Patrol Food 
Packet. 

to both the bottom and top of the spoon with equal 
ease. Therefore, spec ial feeders provided with a 
means for scraping excess food from the bottom 
of the spoon are required. 


High caloric soups were formulated by using a 
non-dairy coffee whitener as a creaming agent. 
The use of calcium cyclamate permitted a re- 
duction in the sucrose content of sweetened 
fruits and resulted in better control of bulk 
density (fig. 8). Experience has shown that high 
sugar levels potentiate the problem of foaming 
and thawing during freeze drying. Rehydratable 
fruits and natural fruit juices packaged in 
flexible pouches under high vacuum caked and 
fused when held at 100° F for 2 weeks. For apple- 
sauce the solution of this problem was attained 
only by starting with freshly peeled, cored, and 
cooked apples; removing and discarding 50 to 60 
percent of their juices; freeze drying the pressed 
apple pulp; comminuting it; and adding sufficient 
sucrose and malic acid to replace the fruit sugars 
and flavor lost in the juice extraction step. No 
solution has been found to prevent natural fruit 
juices from hardening under these conditions. 
As an expedient, the astronauts are drinking 
formulated fruit flavored drinks as a substitute 
for natural citrus and other juices. 
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FIGURE 9. — Three meals included on the Apollo 10 menu. 


These same products will be used on Apollo 11 
plus frankfurters and a cheese spread. 

Most of the technological problems associated 
with processing wet products in flexible contain- 
ers had been worked out in earlier research 
and development for the U.S. armed forces. The 
foil-laminated material used for the package 
was a thoroughly tested material with a known 
history of performance. The integrity of the 
container seals when subjected to pressures of 
1 X 10~ 6 torr, however, was not known and 
had to be determined. This test was a criterion 
established for the packaging of foods that might 
be exposed to the vacuum of space during 
extravehicular activity. 

INTERMEDIATE MOISTURE FOODS 

Commercially produced dried apricots, 
peaches, and pears (approximately 27 percent 
by weight moisture), were vacuum packaged and 
included on the Apollo 10 menu and are planned 
for continued use on subsequent flights. Foods 
such as these fruits fall into the intermediate 
moisture food category. They owe their micro- 
biological stability to a reduced water activity 
but contain too much water to be classified 
as dry. 

Intermediate moisture foods are potentially 
advantageous for special military and space 
feeding situations. Being low in moisture content 
they provide a concentrated source of calories. 
Being plastic they can be molded to any desired 


form. Being moist they are suitable for direct 
consumption without giving rise to the sensation 
of harsh dryness usually concomitant with the 
direct consumption of freeze-dried foods. 
Furthermore, the texture of intermediate mois- 
ture foods is much closer to normal food than the 
crisp or rigid structure of freeze dried and 
other fully dehydrated foods. 

Current research towards the attainment of 
a wide variety of intermediate moisture foods 
of high acceptability has been reported by 
Brockmann (ref. 4). The desirability of such 
foods for space flight use has been reported 
by Smith (ref. 5). 

PACKAGING 

A clear, four-ply flexible laminate comprised 
of an inner and outer layer of polyethylene with 
fluorohalocarbon and polyester layers between is 
used for packaging of all dehydrated foods and 
intermediate moisture foods. A heat processable, 
laminated packaging material (modified poly- 
olefin-aluminum foil-polyester) is used for all 
wet foods. A flame-proof fluorohalocarbon film 
is employed as a' meal overwrap material (fig. 10). 

At the maximum pressure that could be devel- 
oped from exposure to the vacuum of space, 
1.003 kg/cm 2 (14/7 psi), no difficulty should have 
been anticipated from the laminar plastics used 
for packaging. A problem that has been en- 
countered with the present material has been 



FIGURE 10. -Flame-proof overwrap material used on Apollo 
flights. 
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delamination. When delamination occurs, the 
basic strength component of the structure (poly- 
ester) is unable to contribute to the overall 
strength of the package, and failure results 
at the points of highest stress, i.e., the seal area. 
The solution rests with the development of im- 
proved techniques for laminating to the fluoro- 
halocarbon or finding a substitute material that 
will satisfy the requirements (barrier properties) 
necessary to protect freeze dehydrated foods 
from damage as a result of permeation of water 
vapor and/or oxygen through the package. The 
present material is a compromise with strength 
being sacrificed for environmental protective 
qualities provided by the fluorohalocarbon. 

MENUS 

Menus are planned for each flight. Initial plans 
for Gemini feeding called for four meals a day. 
This schedule was adhered to for the 4-day 
Gemini 4 flight but abandoned for the 8-day 
Gemini 5 flight when it was learned that the 
volume allocated for food was the same for both 
flights. For Gemini 5, the same nutrition was 
consolidated into three meals. The three-meal 
schedule has been adhered to ever since because 
it is more acceptable to the astronauts. A 4-day 
menu cycle is used with repetition as dictated 
by the flight schedule. 

HUMAN FACTORS 

The daily food requirements for astronauts 
are broadly controlled by nutritionists and 
medical advisors. Such controls, however, relate 
to requirements for protein, calories, specific 
minerals and vitamins, limitations on food 
residues and fat, and a prohibition of several 
groups of foods, such as those known to produce 
intestinal gas. The menu planner is given no 
guidance as to specific foods, and menu planning 
is performed without insight into the time or 
division of attention that can be invested in the 
preparation and consumption of a meal. Yet, each 
item of every menu should be of unequivocal 
acceptability for its intended customer. 

NASA interviews each astronaut regarding his 
food likes and dislikes. These have proved to be 
of value. To a considerable degree present food 
choices are based on experience and reliance on 


items of general acceptability. While astronauts 
are familiarized with their food supply prior to 
flight, no attempt is made to condition them to 
specific foods or to change existing food attitudes. 

CONTROLS ON FOOD PRODUCTION 
AND DEVELOPMENT 

Wholesomeness of all dehydrated foods (re- 
hydratable and bite size) is monitored through 
prescribed microbiologic standards that must be 
met by all food produced for flight use: 

Total aerobic plate count Not greater than 10,000/g 


Total eoliform count Not greater than 10/g 

Fecal eoliform count Negative in lg 

Fecal streptococci count Not greater than 20/g 

Coagulase positive staphylococci Negative in 5g 

Salmonellae Negative in 5g 


Wholesomeness for the packaged wet foods is 
assured by incubating randomly selected pro- 
duction samples, half at 32° C and half at 55° C, 
for 20 days and then applying a special sterility 
test. This latter test is applied to half of each lot 
of incubated samples and involves further incu- 
bation in Tryptic Soy broth for 5 to 7 days at 32° C 
and 55° C. 

PRESENT SPACE FEEDING PROBLEMS 

All Apollo flights have used fuel cell water for 
drinking and for reconstitution of rehydratable 
foods in the command module. Sufficient water 
is carried aboard initially to last approximately 
12 hours. To assure potability at the point of con- 
sumption, the water is chlorinated by the astro- 
nauts. Difficulties encountered in getting the 
chlorine dispersed in the water supply have not 
been resolved. As a result, water with varying 
levels of chlorine content is dispensed. 

The Lunar Module (LM) water is stored aboard 
prior to launch. NASA is using iodine as the water 
purification agent. In-house studies conducted 
prior to making this decision indicated that water 
treated with metallic iodine did not significantly 
alter the taste of space foods at levels of up to 30 
parts per million. At this level an iodine flavor 
was detectable in water. Feedback data from 
Apollo 9 indicates that the LM water seemed to 
be preferred over that used in the Command 
Module. 

Another problem that has caused difficulties 
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has been the fact that the command fuel cell 
water contains considerable free hydrogen. The 
hydrogen is difficult to dispel from the food pack- 
age. This also makes food reconstitution more of a 
problem since gas must be expelled from the 
package to add enough water for adequate re- 
hydration. Reports from the astronauts indicate 
that the currently available fuel cell water is not 
acceptable. The variability in chlorine content is 
a contributing factor. However other objection- 
able and unidentified flavors have been reported. 
Analysis of samples of fuel cell water from the 
Apollo 10 flight should help define this problem 
so that it can be solved. 

MANNED ORBITING LABORATORY* 

The Air Force MOL program will involve two 
men who will orbit in a modified Gemini space- 
craft that will be attached to an orbiting labora- 
tory. They will live in this laboratory for 30 days. 
The space allocated for food is 195 cubic inches 
per man per day or 1.7 lbs of packaged food per 
man per day. A feeding system comprised solely 
of dehydrated food is now being evaluated by the 
Air Force in order to obtain an optimum feeding 
system for the MOL flights. Both bite-size and 
rehydratable foods are included. These are similar 
to those currently being used on Project Apollo. 
Many changes are expected to be made in both 
the food and package concepts prior to the adop- 
tion of a final flight qualified system. As for 
Project Apollo, hot water and cold water will be 
available for reconstitution of the foods. 

APOLLO APPLICATIONS PROGRAM 

NASA’s Apollo Applications Program (AAP) 
will follow on the heels of the Apollo program. The 
AAP will involve making a S4B spent fuel cell 
habitable. The S4B is the second stage of the 
Saturn IB rocket. Once the fuel has been used 
and staging has been accomplished, the crew in 
the Apollo capsule will dock with it and the men 
will vent any residual fuel into space and convert 
its approximately 11000 cubic feet into a habit- 
able environment. Three AAP missions are now 
scheduled to be flown — one 28-day mission and 


*The Air Force lias subsequently cancelled t his program. 


two 56-day missions. The first two flights, the 
28-day and one of the 56-day missions, will be 
primarily medical flights and will determine 
man’s ability to adapt to living in space. It will 
include a habitability study and a nutrition and 
musculoskeletal function study. The third flight 
will be primarily to obtain astronomical data. 

Appropriate feeding systems for the AAP will 
be required. The feeding system aboard the 
AAP will be as good as the conventional feeding 
systems currently in use and must be compatible 
with the medical experiments to be conducted 
aboard. Weight requirements have been some- 
what relaxed for these experiments. Two to 

three pounds of packaged food will be allowed 

per man per day. An oven and refrigeration will 
be available for food preparation. Storage 

facilities will be better than those currently 

available for nominal Apollo flights (ref. 6). 

Beyond AAP the United States can look for- 
ward to long-term space missions. Projected 
programs can be grouped into three basic areas: 

(1) Earth orbital program 

(2) Lunar program 

(3) Planetary program 

During the next decade we can look forward 
to Earth orbital space missions carrying crews 
of from 8 to 12 members and lasting approxi- 
mately 180 days. (This is 13 times as long as 
previous flights.) Space stations will probably 
be assembled in space; they will have a hangar 
and docking area, and resupply of expendables 
will be by shuttle. For the lunar program we 
will probably have a lunar base with resupply 
of crew and expendables. 

For planetary spacecraft launch, we can look 
forward to a Mars or Venus flyby during the 
next decade with a Mars landing predictable by 
1984. For planetary missions, food will be critical 
and at some point we must consider closing the 
life-support system. Recycle of water and oxygen 
will probably occur for flights in excess of 100 
man-days. At the present time, it is anticipated 
that food regeneration will be necessary some- 
where between 1000 and 10 000 man-days of 
flights. However, it is not expected that any 
system will be completely closed but that some 
type of a composite system comprised of stored 
and regenerated foods will be used. 
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Titanoclinohumite and Other Hydrous Minerals 
in the Earth’s Interior and the Problem of 
Lunar Water 


Titanium-rich clinohumite and layered structure minerals are observed in kimberlite and as 
inclusions in pyropic garnets from the Moses Rock dike, a kimberlite-bearing breccia dike in San Juan 
County, Utah. Associated clinopyroxenes observed as inclusions within similar pyropes and also in 
kimberlite are estimated to have equilibrated at depths ranging from about 50 to 150 kilometers at 
modest temperatures generally less than 1000° C. The presence of titanoclinohumite, a high density, 
hydrous phase is of considerable interest as a possible site for volatiles in the Earth’s upper mantle. 
The dehydration of hydrous phases such as titanoclinohumite within the upper mantle may provide 
water as a free phase. Other minerals that may play a similar role in the Earth’s mantle include mica 
{especially biotite and phlogopite), serpentine, amphibole, and possibly hydrous pyroxenes. 

The localization of water within the Earth’s mantle may play a key role in determining the character 
of the large scale tectonics of the Earth because. (1) it has been demonstrated at high pressure and 
temperature that the presence of small amounts of H 2 0 drastically reduces the strength of quartz 
(Si0 2 ), and possibly other silicate minerals as well; (2) water lowers the melting point of silicate systems 
by 200 to 300° C at upper mantle depths where pressures are of the order of 10 kilobars or more; (3) 
hydration reactions commonly involve a volume change (approximately equal to the specific volume 
of the water). Such effects undoubtedly are important in (1) the production and localization of magmas 
in the Earth’s upper mantle and resulting volcanism; (2) convection of the mantle itself and hence drift 
of continents and observed motion of sea floor; (3) the presence of the seismic low velocity zone in the 
Earth’s mantle; (4) regional vertical motions of the Earth’s crust, such as the tertiary epeirogenic uplift 
of the Colorado Plateau province. Probably, it is safe to assert that if the Earth's mantle were anhydrous, 
the geology of the Earth’s surface would be quite different. 

Geologists and geophysicists are beginning to piece together a coherent picture of the physical 
and chemical state of the Earth’s upper mantle by combining laboratory observations of rocks appar- 
ently derived from the mantle, with progressively more highly resolved geophysical models for the upper 
mantle. Among the best sources of such rocks are certain kinds of volcanoes; kimberlite pipes, alkali- 
basalt diatremes and maars, and basaltic volcanoes. High resolution photography of the lunar surface 
(Ranger, Orbiter) has revealed many structures similar in morphologic detail to these volcanoes. Among 
the best examples are the dark halo craters in Alphonsus. Hence, there is reason to believe that scien- 
tific exploration of such lunar features may provide us with deep seated rock fragments. From such 
rocks we can expect to extract useful information regarding the Moon’s interior, its composition, 
physical state and history, and also the presence of water and its role in geologic processes in the 
Moon’s interior. Such knowledge, of course, would provide valuable clues about where the search for 
near-surface water should be directed. 
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Methods of Water Determination 
(Surface and Orbital) 


INTRODUCTION 

The subject of water on the Moon is an impor- 
tant one for several reasons. Water constitutes 
an essential resource in continuing space 
exploration, both as a life support requirement 
and a possible source of engine fuel. It can also 
serve as a highly significant indicator of various 
geochemical processes. A number of investiga- 
tors have examined the questions of possible 
lunar water sources, conditions for recovery, and 
potential yields (refs. 1 and 2). Arguments have 
been presented for sources consisting of basaltic 
and granitic rocks that may be widely distributed 
in large quantities; serpentine and other hydrated 
minerals that may be localized in fumarolic vents; 
and finally water in the form of ice trapped in 
permanently shaded cold spots in the polar 
regions. Gold (ref. 3) has considered the likelihood 
of a permafrost layer at modest depths, and 
Urey (ref. 4) has proposed that the sinuous rilles 
are in fact dry river beds. 

A summary of possible water sources on the 
Moon has been given by Lopik and Westhusing 
(ref. 5) and is shown in table L 


Table I.— Possible Water Sources on the Moon 


Free water 

Bound water 

Solid condensates 

Crystalline volcanic 

Liquid interstitial 

Hydrates meteoritic 

Gas adsorbed 

Ultra basic 


These authors go on to state that the presence 
of water in one form or another may be reflected 
in differences in physical properties between 
“deposits and country rock.” They propose that 


if suitable instruments can be developed for 
detecting these differences, they can then be ex- 
ploited in the search for water. Some of the 
potentially useful physical phenomena suggested 
are as follows: 

(1) Density measurements 

(2) Thermal properties 

(3) Acoustic or seismic velocities 

(4) Electromagnetic emission or absorption 

(5) Radioactivity 

(6) Structure 

(7) Albedo 

Many of these phenomena can, however, only 
yield inferential information, and there is a con- 
tinued searching for more specific methods or 
procedures. Three such methods will be dis- 
cussed in this presentation. Two are under con- 
sideration for surface missions and one for orbital 
missions. In the interest of realism it must be 
stated that these methods are in early stages of 
development and are still to be tried in the actual 
framework of an actual lunar mission. They are 
presented here as techniques having some 
promise. 

ALUMINUM OXIDE HYGROMETER 

The first method to be discussed is based on 
the aluminum oxide hygrometer developed by 
the Panametrics Corporation. It is a sensor that 
has been successfully flown on rockets for deter- 
mining the water vapor distribution at high 
altitudes. 

The water sensor consists essentially of an 
anodized aluminum substrate into which a thin 
layer of gold is evaporated. The aluminum sub- 
strate and gold film act as the detector cell elec- 
trodes. Figure 1 is a diagram of the cell construc- 
tion. In a general way changes in ambient water 
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Fid RE 1. — Principle of aluminum oxide water sensor. 


vapor concentration effect changes in the amount 
of water absorbed by the oxide structure which 
in turn produces corresponding changes in cell 
impedance (resistive and capacitive). The varia- 
tions in impedance are related to moisture by a 
type of calibration curve shown in figure 2. These 
sensors have been studied in great detail by Del 
Pico (ref. 6) and Chlech and Brousaides (ref. 7). 
Del Pico was able to demonstrate that the film 
structure of the anodized aluminum consists of 
roughly hexagonal crystals with a diameter of 
about 50000 A° and that the crystals contain 
pores of approximately 150 A° diameter. It is in 
these pores that the water is adsorbed affecting 
in turn the impedance of the sensor. 

As a result of their investigations, Chleck and 
Brousaides of Panametrics have drawn the 
following conclusions: 

(1) The sensor response is related to the abso- 
lute water vapor concentration and is independent 
of the total pressure. The dynamic range is large 
covering the range from ground conditions to 
moistures corresponding to dew points as low as 

-90° C. 

(2) Response is rapid — of the order of 2.5 
seconds for 63 percent change. 

(3) The temperature coefficient is small. 

(4) The sensor element is very small in size. 



FicURE 2. — Typical calibration curve of water vapor sensor. 

(5) The sensor is not affected by common air 
pollutants or high humidities. 

Our own determination of sensitivity has given 
values of about 10" 9 to 10~ 10 g/cm :! at pressures 
of 10" 1 torr or less. 

With the above sensor in mind, the following 
proposals have been advanced for surface ex- 
ploration of the Moon: A surface device utilizing 
solar heating to look for bound water in the lunar 
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surface materials and a sub-surface probe to 
attempt moisture profiles. 

Figure 3 is a conceptual sketch of a possible 
surface probe. One can conceive of a hand-held 
probe to be driven partially into the lunar 
surface. Heating would depend on solar radiation, 
and hopefully the lunar material would provide a 
barrier permitting the evolved moisture to rise 
to a value within range of the detector sensi- 
tivity. An assumption of 0.01-percent moisture in 
the surface material can yield enough water to 
be detected by several orders of magnitude. 

A second concept is shown in figure 4, which 
shows a subsurface probe for determining 
moisture profiles. This probe would consist of 
a series of discrete moisture cells having a 
number of independent water and temperature 
sensors. The probe would be driven into the 
surface to a depth of about 1 foot. Each cell 
would be made of sintered metal permitting the 
free passage of water vapor from the adjacent 
soil. This type of device would be expected to 
give some notion of water gradients and “cur- 
rents.” While it is difficult to predict how suc- 
cessfully this type of probe can be operated in 
inactive regions of the Moon, one would cer- 
tainly expect exciting results in the vicinity 


THERMOCOUPLES 

OR 

THERMISTORS 



Figure 4. — Schematic of a possible sub-surface water probe. 


of fissures and regions of volcanic activity if in 
fact such regions occur. 

NEUTRON-GAMMA EXPERIMENT 



A second possible technique for mapping the 
Moon for water on the lunar surface is the 
method of neutron die away. This is one aspect 
of a neutron-gamma experiment which is under 
study as a technique for compositional mapping 
of the lunar surface either in a manned or 
unmanned mode. A thorough description of this 
technique has been given by Caldwell et al. 
(ref. 8) and Mills and Givens (ref. 9), and it will 
be reviewed briefly here. 

The Neutron-analysis method depends on 
either the spectral or temporal characteristics 
or both of the gamma rays produced by the inter- 
action of the neutrons with matter. Four types 
of phenomena have been proposed for deter- 
mining elemental composition: (1) prompt, 

(2) capture and (3) activation gamma production, 
and (4) neutron die away. Prompt gamma rays 
arise from the inelastic scattering of fast neutrons. 
The emitted gamma rays are discrete and charac- 
teristic of the scattering nucleii. Capture gamma 
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rays are due to the decay of excited nucleii fast neutrons. The neutron die away can be con- 

after neutron capture. In this instance the veniently measured by a time analysis of the 

radiation is characteristic of the compound decay of the capture gamma rays. This last proc- 

nucleus. Activation gamma rays arise from either ess, if one determines the die away of epithermal 

fast neutron reactions, for example (n, p ); (n, a) neutrons, can be used to obtain an estimate of 

or ( n , 2 n), or due to the capture of thermal the hydrogen in the near surface which can in 

neutrons. The unstable nucleii decay by emitting turn be used to estimate the amount of water 

alpha particles and gamma rays. The temporal present. 

character of this emission is shown in figure 5 Figure 6 shows the geometrical arrangement 

for a pulsed neutron source. The prompt gammas of the neutron probe with relation to the lunar 

appear immediately with the neutron irradiation. surface. The source, attenuator, and detector are 

The capture gamma rays build up rapidly and arranged in a straight line. In practice a minia- 

then decay off. The activation gamma rays ture, pulsed accelerator neutron source is used, 

continue to build with continued pulsing. This uses a deuterium-tritium reaction to gen- 

The fourth parameter that can be analyzed in erate 14-meV neutrons. While high fluxes are 

order to determine composition is the rate at required for the activation mode, substantially 

which thermal neutrons die away after a burst of lower fluxes can be used for the prompt, capture, 



TIME ( msec) 


Figure 5. — Timing diagram for combination neutron experiment. 




METHODS OF WATER DETERMINATION 57 

NEUTRON ALBEDO MEASUREMENTS 


i— i 



and die away experiment (about 5000 neutrons 
per pulse at approximately 200 to 1000 pulses/ 
second). The die away of the epithermal neutrons 
can be discussed in terms of an epithermal re- 
moval cross section which includes the removal 
of neutrons from the epithermal group by ab- 
sorption and by the slowing down to thermal 
energies. Since the cross sections for absorption 
vary as v -1 , the absorption process in the epi- 
thermal range would tend to remove fewer neu- 
trons than would the moderating or slowing down 
process. This is especially true if hydrogen is 
present. Because hydrogen would dominate the 
slowing down process, the removal cross section 
should be very sensitive to the presence of even 
small quantities of water. Thus the die away of 
epithermal neutrons would provide a very sensi- 
tive method for the determination of water in a 
rock matrix. 

In a recent report Mills and Givens have studied 
the epithermal die away process on three dif- 
ferent materials: crushed basalt, crushed granite, 
and solid granite. Their report indicates that 
while a measurement of gamma ray intensity die 
away is convenient, it does not yield the same 
meaningful information as a direct determination 
of the removal of the epithermal neutrons. They 
have made the direct neutron measurements with 
a Cd-cladHe 3 detector, which in effect fails to 
detect thermal neutrons. (The thermal neutrons 
are absorbed in the cadmium.) From these meas- 
urements the conclusion is that there is in fact a 
very sensitive response to the water content. Die 
away constants have been obtained which semi- 
quantitatively reflect the amount of water in the 
rocks. 


The final technique, lunar neutron albedo 
measurements, involves water determinations 
to be performed from orbit. In principle we know 
that cosmic rays interacting with the surface 
nucleii of the Moon produce neutrons some of 
which leak out through the surface. The energy 
spectrum of this emergent albedo will depend 
strongly on the composition of the surface, 
especially on the hydrogen content. Thus a 
measurement of the ratio of slow-to-fast neutrons 
should serve as an index of the hydrogen content 
in the lunar surface. 

Ligenfelter, Canfield, and Hess (ref. 10) have 
published detailed calculations on the cosmic- 
ray-induced leakage spectrum for several model 
compositions. The results show a variation with 
mineral type and a strong sensitivity to hydrogen 
content. Figure 7, taken from the paper of 
Ligenfelter et ah, shows the expected leakage 
for several compositions including (for chondritic 
material) two different values of H/Si atomic 
ratios. 

The accuracy of the H/Si absolute measure- 
ment is limited by two factors: 

(1) The statistical precision with which the 
ratio of slow-to-fast neutrons can be determined. 

(2) The accuracy with which the thermal 
neutron macroscopic absorption cross section 



Figure 7. — Expected neutron leakage for several soil com- 
positions. 
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is known. This second factor depends on a knowl- 
edge of the lunar surface composition, particu- 
larly the concentration of such elements as iron 
because of the very strong absorption. This 
information should be supplied by the gamma 
and X-ray measurements. 

Ligenfelter et al. have calculated that hydrogen 
may be detected by a neutron albedo measure- 
ment if the H/Si ratio is 0.05 or greater. The 
atomic ratio in chondrites where water is approxi- 
mately 0.3 percent by weight is approximately 
0.05. In granite, one finds H/Si ratios of approxi- 
mately 0.1— twice the minimum detectable ratio. 

From present estimates, statistical limitations 
do not seriously affect the accuracy of the 
H/Si determination. The relatively high neutron 
fluxes expected should allow the measurement 
of slow/fast neutron ratios to approximately ±10 
percent in 30 seconds of sampling time. For 
H/Si ratios of approximately 0.1, this would only 
contribute an approximate 10-percent uncertainty 
to the ratio. 

The problem of thermal neutron absorption 
cross section of the surface material is more 
serious. For example, if a ± 20-percent uncer- 
tainty in cross section exists, then the H/Si ratio 
of 0.1 can only be known to approximately ±30 
percent. 

In order to perform the previously described 
measurement, one requires detectors for slow 
and fast neutrons. Two unmoderated proportional 
counters filled with BF 3 are proposed for detect- 
ing the slow neutrons. These two counters are 
identical except for ratios of B 10 to B 11 . One tube 



FIGURE 8. -Block diagram of neutron albedo measurement 
system. 



Figure 9. — Fast /slow neutron ratio lor varying compositions 
of water in a basalt. 



FIGURE 10. — Fast/slow neutron ratio for varying compositions 
of water in a sand. 


contains %-percent B 10 , and the second tube 
uses 10-percent B 10 and 90-percent B 11 . The B 11 
isotope does not react appreciably with neutrons; 
the B 10 undergoes a (/?, a) reaction, forming Li. 
The reaction has a l/v dependence, where v is 
the neutron velocity, hence the high sensitivity 
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to slow neutrons. The method consists of com- tion which seems, therefore, to warrant further 
paring the difference in counting rates between development, 
the two detectors and solving the simple simul- 
taneous equations REFERENCES 


A = 0.96 n -f b 
B = 0. lOn + b 

where A and B are the respective count rates, b 
the backgrounds, and n is related to the density 
of the slow neutrons. 

The fast neutrons are detected through the 
(«, p) elastic scattering process. A special, 
organic scintillator sensitive to neutrons, is 
coupled to a photomultiplier. The readout system 
may consist of a simple multi-channel analyzer, 
although in this instance one would use the ana- 
lyzer described earlier. In order to eliminate 
charged particles such as cosmic rays and gamma 
rays, an inorganic scintillator is used in the anti- 
coincidence mode. A block diagram is shown in 
figure 8. 

Finally in figures 9 and 10 from a report by 
Haymes (ref. 11), we see an example of laboratory 
measurements made on a basalt and a sand. 
There is a distinct sensitivity to water concentra- 
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Electromagnetic Detection of Lunar 
Subsurface Water 


Detection of lunar subsurface water appears possible from a satellite in orbit around the Moon, 
by use of electromagnetic techniques. Plane-layered models of the Moon have been analyzed in the 
frequency range of 10 4 to 10 8 Hz, yielding values of reflection coefficient, surface impedance, apparent 
dielectric constant, and apparent conductivity, for normally incident plane waves. The variation of 
these quantities with frequency is dependent on the presence or absence of subsurface water (in 
either liquid or “permafrost” form); that is, a fraction of 1 percent of water, for a wide range of materials 
that might exist on the Moon, yields characteristic signals. Measurements of other geophysical quanti 
ties are described. A typical system for the measurements is described based on the ISIS- A satellite. 
An orbit around the Moon at an altitude of about 100 kilometers is suitable. 


INTRODUCTION 

Useful information has been obtained by radar 
observations of the Moon from earth-based 
stations. From the echo intensity one may infer 
the reflectivity of the surface. If the reflectivity 
were found to be near unity, one would suspect 
a surface containing considerable water, or per- 
haps an ionosphere. Because the measured power 
reflection coefficient is about 6 percent, it may 
be attributed entirely to an average dielectric 
constant, found to be 2.8 ±0.7 for a homogeneous 
surface layer at least tens of meters in thickness. 
Measurements have been made of the difference 
between backscattering coefficients of waves 
polarized in, and perpendicular to, the local 
plane of incidence. Such results are in agreement 
with a lunar model consisting of a tenuous top 
layer having dielectric constant of 1.8 and thick- 
ness of the order of meters, underlaid by a denser 
layer having dielectric constant of about 5. For 


such measurements the conductivity of the lunar 
surface is negligible. 

The Earth-based radar wavelengths ranged 
from 22 meters to 8 mm with a frequency range 
of approximately 10 7 to 10 n Hz. The Earth’s 
ionosphere reflects waves below about 10 7 Hz. 
The proposed electromagnetic (EM) exploration 
of the Moon involves measurements having a 
frequency range from 10 4 to 10 8 Hz, correspond- 
ing to wavelengths of 30 kilometers to 3 meters, 
respectively. 

In the proposed system, electromagnetic waves 
from a spacecraft in lunar orbit are transmitted 
to the Moon, reflected, and the signals returned 
to the orbiter are measured with regard to 
amplitude, phase, and possibly polarization. 
From these measurements are obtained the 
electrical conductivity cr and dielectric per- 
mittivity K e of the lunar subsurface to yield 
four-dimensional mapping over the lunar globe, 
that is, (1) Variation with frequency, as one 
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coordinate (2) Variation with depth and area 
location, as three coordinates 

OBJECTIVES 

Lunar Interior 

The four-dimensional mapping over the lunar 
globe of the electrical conductivity and the 
dielectric constant can be expected to provide 
information on the mineralogical and chemical 
composition, interstitial water distribution, and 
density distribution within the lunar interior. 
Thus any known, inferred, or postulated layering 
within the Moon (such as the debris layer, 
permafrost layer, and differentiated layers, as 
well as gross lateral changes associated with 
known, inferred, or postulated volcanism, 
igneous intrustion, mare-highlands contacts, 
meteorite impacts, mascons, “permafrost 
accumulations, etc.), may be evident from the 
data obtained with the experiment. The funda- 
mental objectives are therefore consistent with 
the general goals of lunar exploration which are 
to understand the major geological processes 
responsible for the character of the lunar surface, 
and to understand the processes of internal 
evolution and their surface manifestations. 

Lunar Environment 

Detection and characterization of a postulated 
lunar ionosphere is another objective of the 
proposed experiment. This is fundamental to 
an understanding of the interaction between the 
Moon and the solar wind and radiation incident 
upon it. Measurement of the sheath of charge 
on the sunlight side of the Moon is also an 
objective. 

Lunar Subsurface Electrical 
Parameters 

The electromagnetic measurements will yield 
values of the dielectric constant and the con- 
ductivity of the lunar subsurface. Such informa- 
tion would give a physical description of the 
lunar materials and in this sense provide a 
three-dimensional extrapolation of surface 
geologic mapping. 

The depth of measurement is expected to be 
as great as 10 kilometers at the lowest frequency, 
and as great as 1 kilometer at the highest. The 


width of the sampled region is about equal to the 
orbital height. The circumference is the projec- 
tion of the orbit on the lunar surface. 

Frequency Dependence of Reflection 
Coefficient 

Variation of the power reflection coefficient as 
a function of frequency has not been observed to 
date in Earth based measurements. Dependence 
of reflection coefficient on frequency in the range 
of 10 4 to 10 8 Hz would present new information, 
regardless of subsequent interpretation. 

Detection of Layering 

Discrete layers, if they exist beneath the lunar 
surface, will be measured. The details of layering 
will be evident from the data, as is the case for 
Earth measurements employing EM techniques. 

Major layering within the Moon, such as the 
known debris layer, postulated ice layer, or 
differentiated layers, may be identified from the 
EM profiling. The depth and area of exploration 
is approximately that described above. 

Detection of Gross Inhomogeneities 

Gross lateral electrical property changes which 
arise in volcanism, igneous intrusions, meteorite 
impact, “permafrost” accumulations, etc. and 
which possibly will be associated with mascons, 
mare-highland contacts, and other major geologic- 
contacts should be evident from the EM response. 
These changes may result from either endogenic 
or exogenic sources. 

Detection of Conductive Materials 

The presence of conductive iron, iron oxides, 
or other metallic minerals is expected to give 
characteristic EM response. 

Detection of Mascons 

The presence of shallow mascons in the 
vicinity of an EM sounder orbit may be evident 
in the sounder data. The composition of the mas- 
cons (i.e., whether they are dense, basaltic 
phases, or meteorites rich in iron or iron oxides) 
will determine the nature of the EM response, if 
such exists. Possibly the details of the response 
will indicate the size, location and/or the composi- 
tion of the mascons. 


ELECTROMAGNETIC DETECTION 

Detection of Lunar Subsurface Water 

The presence of subsurface water is evident 
in characteristic “signatures” obtained in theo- 
retical studies of elementary models of the Moon. 
Absence of these characteristic signatures im- 
plies a dry lunar subsurface. 

The depth of measurement is about 1 to 10 
kilometers. Presence of water (in pore liquid or 
permafrost form) can be identified, for amounts 
greater than a fraction of 1 percent. The width of 
the sampled region is about equal to the orbital 
height. The circumference is the projection of 
the orbit in the lunar surface. 

Detection of Lunar Ionosphere 

The presence of a lunar ionosphere will be 
measured if the plasma density is 1 electron/cm 3 
or greater, with a reflecting horizon greater than 
approximately 30 km away from the spacecraft. 

A density of 10^ electrons/cm 3 represents the 
upper limit to the measurement (as in the case of 
the Earth’s ionosphere), although so high a 
density is not expected. 

Variation of the lunar ionosphere with position 
relative to the Sun may be measured. 

Solar Wind EM Noise 

Measurements during programmed transmitter- 
off intervals will yield values for EM noise caused 
by solar wind interacting with the Moon, as well 
as natural plasma oscillations within the solar 
wind. These measurements can be related to 
the spacecraft position relative to the Sun; when 
the spacecraft is shielded from the Sun by appre- 
ciable lunar mass, solar wind EM noise may be 
absent. 

Cosmic Noise 

A passive measurement during programmed 
transmitter-off intervals can yield values for EM 
noise of cosmic origin. These measurements can 
be related to the spacecraft position relative to 
the Sun and Earth. 

Earth Transmissions 

Measurements during programmed transmitter- 
off intervals will yield values for EM Earth trans- 
missions in the frequency range above Earth 
ionosphere cutoff. Bistatic measurements of 
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lunar subsurface electrical parameters then be- 
come possible. 

Earth Receptions 

At frequencies above the Earth ionosphere 
cutoff, reception of transmitted lunar EM 
sounder signals may be possible. If so, then bi- 
static measurement of lunar subsurface electrical 
parameters will be possible. 

Development for Future Lunar and 
Planetary EM Experiments 

Experience gained at an early date with a lunar 
EM sounder would be invaluable in designing 
EM systems for such important missions as the 
orbital detection of water on or below the Martian 
surface, orbital detection of the presence of an 
ionosphere, and the mapping of major geologic 
units on Venus. 

SIGNIFICANCE 

Electromagnetic exploration of the Moon is 
significant in the knowledge to be gained from 
the electromagnetic sounding of the distribution 
of rock types and water in the lunar crust. This 
information is extremely important in terms of 
the origin, evolution, and current state of the 
Moon. In particular, the four dimensional 
mapping of the dielectric constant and con- 
ductivity is expected to provide information 
regarding the lunar subsurface chemical compo- 
sition, distribution of interstitial water, and 
possibly temperature distribution within the 
lunar interior (although temperature may not 
markedly affect the electrical parameters to 
depths of approximately 10 km beneath the 
lunar surface). Major layering within the Moon 
(such as the known debris layer, postulated 
permafrost layer, or differentiated layers, as 
well as gross lateral changes associated with 
volcanism, igneous intrusion, mare-highlands 
contacts, meteorites, mascons, and similar 
features) may be evident in the data from the 
EM sounding from lunar orbit. 

Characterization of the geometry of subsurface 
physical changes associated with mascons will 
greatly enhance our understanding of these 
features. The association of subsurface water 
with the mascons and its distribution would 
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also be a line of evidence bearing on a volcanic 
or impact origin for the anomalies. Both of these 
lines of information on the mascon problem are 
amenable to study by EM sounding. 

In addition, the identification of such potential 
natural resources as water, carbon, or metallic 
minerals in oxide or sulphide form may have 
important implications for life support on the 
lunar surface or as resources for other space 
missions. Detection and measurement of a lunar 
ionosphere would have important implications 
regarding the interaction between the Moon and 
the solar wind. A sheath layer at the Moon’s 
surface, if detected, would have implications 
concerning interaction between solar radiations 
and the lunar surface. 

The important recent results derived from 
deep EM experiments through ice and low loss 
rocks and soils on Earth, strongly suggest that 
electromagnetic sounding through anticipated 
low loss materials beneath the lunar surface will 
provide a three-dimensional picture of lunar 
geology and structure to depths as great as 10 km. 

LUNAR WATER 

Let us review published material regarding 
the possibility of occurrence of water or ice on 
the Moon. Basically our position is that we take 
no strong stand one way or the other, but we 
believe that EM measurements from lunar orbit 
can provide a meaningful answer. The possi- 
bility of the occurrence of water or ice on the 
Moon has been discussed by Kopal (refs. 1 to 3); 
Gold (refs. 4 to 6); Gilvarry (ref. 7); Hapke and 
Goldberg (ref. 8); Urey (refs. 9 to 11); Lingen- 
felter et al. (ref. 12); and others. Gold estimates 
the upper boundary of the permafrost to be 
about 30 meters below the surface, and the 
lower boundary to be between 1 and 10 km. 
Kopal suggests an upper boundary at about 50 
kilometers. Research at Jet Propulsion Labora- 
tory (Pasadena) indicates that permafrost may 
even be associated with lunar surface features. 

MAJOR ASSUMPTIONS 

Let us now define the major assumptions for 
this paper. The first is perpendicular incidence 
of plane waves. Although finite sources would 


be used in any experiment, this approximation 
is adequate for providing a first appraisal. The 
second assumption is that of plane-layered 
models; that is, we take a zero-curvature model 
of part of the lunar surface. Third, we assume 
that scattering from discrete objects, lateral in- 
homogeneities, and other anisotropic features 
may be ignored. This assumption is justified 
provided that the wavelengths used are long 
relative to the dimensions of the scatterer. It 
implies that the depth to an interface is large 
compared with the local topographic relief, and 
that the Moon is radially layered in the gross 
sense, in such a manner that the plane wave im- 
pedance decreases with depth. For a substantial 
fraction of the lunar surface it is probable that 
the above conditions will be met for frequencies 
less than 10 6 Hz. The fourth assumption is re- 
lated to the one just discussed, namely that we 
have true specular reflection from the mean sur- 
face of a layer. Such an approach is taken 
routinely on Earth, with full realization of its 
limitations, to obtain depths to impedance 
discontinuities. 

Although sharp radial boundaries are not nearly 
as likely as gradual transitions, it is convenient 
to represent a radial change by one or more step- 
function changes in the electrical parameters. 
Such an approximation can be refined by re- 
calculations on a computer utilizing a large 
number of incremental changes to approximate 
any smooth change. At the present time, however, 
our estimate of the distribution of electrical 
parameters of the Moon has such great ranges 
of uncertainty that a lengthy calculation would 
have little merit. Major subdivisions of the lunar 
interior can be recognized as being the dry outer 
shell, a wet or somewhat conducting shell, and 
the hot interior. Later we shall specify the layer 
models more precisely. 

The fifth assumption is that Moon materials in 
the wet or dry states will have electrical prop- 
erties similar to Earth materials in the corre- 
sponding states. The validity of this basic input 
information is unknown at present. The sixth, and 
last of our major assumptions, is that the measure- 
ment of the EM reflections will have an accuracy 
of at least ± 1 db, or ± 10 percent in amplitude. 
Absolute accuracy to this precision is not re- 
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quired, but rather relative measurements to 
compare selected regions with each other. It 
should be noted that all six assumptions are being 
verified by further theoretical work and will be 
checked by experiment with suitable scaled 
models. 

THEORETICAL BASIS FOR 
CALCULATIONS 

The complex plane wave impedance Z, for 
an e lU)t time dependence, of a homogeneous, 
non-magnetic half space is 
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is a complex conductivity which can account for 
both real conductivity and dielectric constant. 
This complex conductivity is then related to the 
impedance as follows: 


cr 
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For an n-layered structure, we may use 
formulation 

the 

where c/> is the phase and |Z| the modulus of Z, 
co is the angular frequency, p {) is the magnetic 
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permeability of free space, y is the wave number 
of the half space, and Ej and H k are orthogonal 
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electric and magnetic intensity pairs. The wave 
number is 
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in which the dielectric permittivity e', and the 
conductivity cr' are real functions of frequency. 
The loss tangent is defined by 


where Zj = 
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The amplitude reflection coefficient for normal 
incidence is 


is the characteristic impedance 

of the/th layer. Zj is the impedance at the top of 
the yth layer, and Z„ is the surface impedance of 
the structure, equal, at any given frequency, to 
the impedance of an equivalent homogeneous 
half space. The hj are the thicknesses of the 
layers in the structure. The nth layer is semi- 
infinite, therefore, Z„ = Z„. 

Thus the amplitude reflection coefficient for an 
rc-layered structure is 


Z-Z o 


(4) 


Z + Z„ 

where Z 0 is the plane wave impedance of free 

space. At high frequencies such that 1 , 

coe ' 

y is imaginary so that Z and hence r are real. 
We could replace ( 2 ) by 
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and the complex apparent conductivity, the real 
apparent conductivity, and the real dielectric 
permittivity are from equations ( 7 ), ( 8 ), and 
(9), respectively 
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e ' ,= ]z^ cos 2< ^" 06 ) 

In terms of dielectric constant rather than 
permittivity, 

K ’=— J7v> cos2 ^ 07) 

eo Inl- 
and 

K[,=—-rj-r;COs2<i>„ (18) 

Co |Z,,|- 

where e« is the dielectric permittivity of free 
space. 

LUNAR PARAMETERS 

For the region above the lunar surface we have 
assumed free space values for the electrical 
parameters. On the sun-lit side of the Moon, 
there may be a lunar ionosphere as well as a 
plasma sheath, whose electron plasma frequency 
may be as high as 10 5 Hz, and therefore would 
compromise measurements at this or lower 
frequencies. However, measurements can be 
made of the Moon on its dark side (and thus 
eventually for an appropriate orbit, all of the 
moon can be so measured), where the electron 
plasma frequency is expected to be lower than 
10 4 Hz. 

The magnetic permeability of the Moon is 
quite unknown, because we have no knowledge 
of the composition or magnetic history of any 
magnetic minerals that might be present in lunar 
rocks. Recent results from the Surveyor 5 show 
apparent agreement with the amount of magnetite 
expected in a basaltic rock. For this reason, and 
because the permeability of Earth rocks is con- 
fined to the relatively narrow range of 1.00 to 1.25, 
we shall assume for simplicity the free-space 
value of unity for the magnetic permeability in 
all our calculations. 

We next consider the values of frequency- 
dependent parameters of hypothetical lunar 
materials. These are given in figures 1, 2, and 3, 
respectively for dielectric constant, conductivity, 
and loss tangent as functions of frequency. It 
is assumed that these curves may be repre- 




FlGURE 2. — Variation of conductivity with frequency. 


sentative of lunar materials in the wet or dry 
states; at least such frequency dependence of 
the parameters can be considered to be a first 
approximation to actual lunar materials. The 




ELECTROMAGNETIC DETECTION OF LUNAR SUBSURFACE WATER 67 



for representative models which are described 
below. 

Figure 4 describes a dry model, la, and a wet 
model, lb; the water content for the wet model 
is 3.8 percent. For these two models, figure 5 
shows the amplitude of the reflection coefficient 
plotted versus frequency. The difference in the 
curves for models la and lb is quite pronounced. 

Figure 6 describes a model that is somewhat 
similar to the preceding one; the dry model, 2a, 
is compared to a wet model, 2b. The water 
content for model 2b is only 1 percent. Despite 
the low water content, the amplitude of the 
reflection coefficient plotted versus frequency in 
figure 7 shows a definite difference in the re- 
sponse between the wet and dry models. 

The effect of a layer of permafrost is shown in 
the next case. Figure 8 gives the layer charac- 
teristics; as in the preceding two cases, a layer 
of dry volcanic ash 10 meters thick constitutes 
the top layer. The permafrost layer is taken to 


results are from measurements made at the 
Massachusetts Institute of Technology Labora- 
tory for Insulation Research. The samples 
consisted of loose volcanic ash soil with dry 
density 0.76 g/cm 3 , low density basalt with dry 
density 1.4 g/cm 3 , and high density basalt with 
dry density 2.7 g/cm 3 . The conductivities and 
dielectric constants were measured at room 
temperature, following heat treatment at 105° C 
for 3 days. Percentage of water present is indi- 
cated on the curves, the water resistivity being 
10-ohm meters. 

LUNAR MODELS AND ASSOCIATED 
RESULTS 

The effect of lunar subsurface water is shown 
by various models. It should be kept in mind 
that although a variety of models can be postu- 
lated which will give the same value of apparent 
impedance at a given frequency, the variation 
with frequency greatly reduces the ambiguity; 
furthermore, the variation appears to be uniquely 
correlated with the presence of water or perma- 
frost. To demonstrate this, the amplitude of the 
reflection coefficient versus frequency is shown 
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F IGURE 4. — Illustrative model of lunar layers, models la 
and lb. 



FIGURE 5. — Amplitude of reflection coefficient versus fre- 
quency, model 1. 
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FIGURE 6. -Illustrative model of lunar layers, models 2a 
and 2b. 



Figure 7. — Amplitude of reflection coefficient versus fre- 
quency, model 2. 
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FIGURE 8. — Lunar model with permafrost. 


be 1 kilometer thick. Because the character- 
istics of the permafrost are known only to 10 5 Hz, 
the amplitude of the reflection coefficient versus 
frequency is plotted in figure 9 only to 10 5 Hz. 
The shape of the curve demonstrates a pro- 
nounced “signature” that is characteristic of the 
presence of water. 



Figure 9. — Reflection coefficient versus frequency, perma- 
frost model. 


In all of the preceding cases, the models had 
dry volcanic ash 10 meters thick for the top layer. 
In order to see the effect of a varying thickness 
of dry volcanic ash, three thicknesses were ana- 
lyzed, each on top of a second layer alternatively 
dry basalt, basalt with 1-percent water, and per- 
mafrost. The combinations are given in table I. 


Table I . — Effect of Dry Volcanic Ash 


Model 

Layer 1 
(meters) 


Layer 

2 


<t' 

Condition 

4a 

1000 

curve 4 

curve 4 

Dry 

4b 

1000 

curve 5 

curve 5 

1 -percent water 

4c 

1000 

curve 6 

curve 6 

Permafrost 

5a 

100 

curve 4 

curve 4 

Dry 

5b 

100 

curve 5 

curve 5 

1 -percent water 

5c 

100 

curve 6 

curve 6 

Permafrost 

6a 

10 

curve 4 

curve 4 

Dry 

6b 

10 

curve 5 

curve 5 

1-percent water 

6c 

10 

curve 6 

curve 6 

Permafrost 


Note: Layer 1 consists of dry volcanic ash: see figure 1, 
curve 1 for k' and figure 2, curve 2 for cr\ Layer 2 has a 
thickness of 500 km in each case: see figure 1 tor k' curves, 
and figure 2 for rr' curves. 







ELECTROMAGNETIC DETECTION 

The variation of the amplitude of the reflection 
coefficient versus frequency is given in figure 10. 

It will be noted that regardless of the thickness 
of the top layer (i.e., whether 10, 100, or 1000 
meters), the asymptotic value of the reflection 
coefficient approaches a value of about 0.5, for a 
dry second layer. However, for wet basalt or 
permafrost as the second layer, the reflection 
coefficient exhibits a dependence on frequency 
that can be identified as a “water signature.” 



FIGURE 10. -Reflection coefficient versus frequency, models 
in table I. 


BRIEF DESCRIPTION OF POSSIBLE 
ORBITAL SYSTEM 

As an illustration of a flight-rated system that 
can be employed for EM exploration of the 
Moon, we consider an ISIS— A sounder aboard 
an Apollo Command and Service Module, as 
indicated in figures 11 and 12. The ISIS- A 
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Figure 11. — Command and Service Module Sounder 
antennas. 


S-BAND 



Figure 12. — Command and Service Module with antennas 
deployed. 


sounder characteristics are described below 
(figs. 13 and 14): 

(1) Antennas 

Two crossed dipoles, 61.5 ft and 240 ft 
tip to tip 

(2) Power output 

• 400w at 30 pulses/sec 
(100 /xsec pulse) 

• lOOw at 30 or 60 pulses/sec 

(3) Power input 

30w (average) 

(4) Weight 

38 lb instruments 
32 lb antennas 

70 lb total 

(5) Frequency 

• Swept: 0.1 to 20.0 MHz in 27 sec 



FREQUENCY, MHZ 
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# Fixed: 0.25, 0.48, 1.0, 1.95, 4.0 or 
9.3 MHz 
(6) Receiver 

Switched input filters and low noise 
preamp single 1.1 . 24.0167 MHz, band- 
width 55 kHz linear-logarithmic AGC, 
50 db dynamic range post-detection 
bandwidth: dc to 15 kHz 



Figure 13. -ISIS-A Sounder frequencies in graph form. 



Figure 14. — ISIS-A Sounder block diagram. 


Experimental Concept 

A center-fed electric dipole antenna of an 
ISIS-A topside ionospheric sounder, mounted in 
sector 1 of the service module of the Apollo space- 
craft, transmits sinusoidal electromagnetic waves 
in pulses at a repetition rate of 30 per second. 
Subsequent to each pulsed transmission, the 
antenna is used for reception. The outgoing elec- 
tromagnetic wave is reflected from the lunar 


surface, and possibly from interfaces above or 
beneath the lunar surface; the reflected wave is 
monitored by the dipole antenna used in the 
receive mode. If the shape, amplitude, or time of 
the received pulse is known relative to the shape, 
amplitude, or time of the transmitted pulse, then 
information on the electrical parameters to depths 
as great as 10 km within the Moon can be ob- 
tained. Information on the character and particle 
content of any assumed lunar ionosphere might 
be obtained also. The carrier frequency is swept 
from 10 5 Hz to 2 X 10 7 Hz in 26 seconds via three 
linear segments of a frequency-time plot; this is 
the swept frequency mode. A 4-seeond flyback 
time permits the sweep system to recover from 
the sweep. During this time, the transmitter and 
receiver may be used in a fixed frequenc y mode 
wherein any single frequency may be used. A 
number of alternate modes of operation are avail- 
able via a programmed sequencer. 

Method and Procedures for Carrying Out 
the Experiment 

The antennas are mounted on a boom in sector 
one of the Apollo Service Module. First the boom 
is deployed from sector one, then the antennas 
are deployed from the* boom. The transmitter and 
receiver are turned on for a period of time rang- 
ing from one lunar orbit to 3 days. Measurements 
are made at the rate of 30 per second while the 
Command and Service Module (CSM) is in steady- 
state orbit. The measurements are transmitted 
to Earth via PCM and video channels. On the 
anti-Earth side of the Moon, data is stored on 
magnetic tape for replay. The video data reveal 
the amplitude, shape, and time of all received 
pulses at all frequencies while the PCM data 
reveals only the amplitude of the first reflected 
pulse. The data from PCM and video channels 
are stored on Earth based magnetic tape for sub- 
sequent processing and analysis. 

When the experiment is completed, the system 
is turned off and the antennas and boom are re- 
tracted. Alternatively, the boom and/or antennas 
may be pyrotechnically jettisoned. 

Choice of sequence of permissible modes 
of operation (swept frequency, fixed frequency, 
and combinations thereof) is selected by 
preprogramming. 
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Measurements To Be Made and Ranges of 
Numerical Values Expected 

In the PCM channel, amplitudes of reflected 
pulses are obtained at the rate of 30 per second 
and are expected to range from 0.2 to 1.0 times 
the transmitted pulse amplitude, decreased by 
the path losses from antenna to lunar surface to 
antenna. In the video channel, the times, shapes, 
and amplitudes of the reflected pulses, as modi- 
fied by the transfer function of the data link, are 
to be recorded at the rate of 30 per second. 

Interpretation Procedures 

Interpretation of the data will proceed as in the 
case of Earth based EM exploration in the broad 
sense. That is, alternative initial models will be 
evident from a preliminary scan of the data, then 
iterative procedures will narrow the selection of 
models. Further refinement may be obtained 
through additional information from companion 
experiments such as photography, radar measure- 
ments, etc. The form of the data is given in 
figure 15. The received echo pulse (or pulses) 
is transmitted to Earth via several modes of 
transmission which are discussed separately. 

TV Video Link with 500 000-Hz Bandwidth 

This mode of transmission permits accurate 
reproduction of the amplitude, shape, and time 
of arrival of the echo pulse. Correction for the 
receiver and data link transfer functions permits 
extraction of the complex reflection r(f) coeffi- 
cient for the frequency range employed in the 
sounding. Although one may interpret the 
complex r(f) directly, physical understanding is 
aided by analysis employing the apparent con- 
ductivity, (T a (f ), and the apparent dielectric 
constant, €„(/), given by 



where is the impedance of free space, 377 
ohms. In the preceding relations it is assumed 
that the lunar material is magnetically non- 
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NOTE: FREQUENCY MARKERS (LONG NEGATIVE PULSES) 

ARE SUPERIMPOSED ON THIS SIGNAL APPROXIMATELY 
ONCE PER SECOND 


Figure 15. — ISIS— A Sounder line format. 


permeable, and that the region above the lunar 
surface exhibits the electrical characteristics of 
free space. These assumptions are not necessary, 
but are convenient to illustrate interpretation 
procedure. 

The plots of <T <t (f) and €„(/) may be used 
directly to determine the distribution of electrical 
parameters with depth, on the reasonable 
assumption that the depth of sounding is in- 
versely proportional to frequency. 

I he important point to be noted is that Fourier 
analysis (with the Fast Fourier Transform or 
FFT) yields the frequency spectrum of the 
returned pulses. Because considerable spectral 
overlap exists in the successive pulses, it is 
possible to cross-check various Fourier com- 
ponents of the signals, despite the fact that 
successive pulses differ slightly in transmitted 
frequency and are reflected from slightly dif- 
ferent lunar locations. The preceding inter- 
pretation dealt with the frequency domain. We 
now consider the time domain. 

The arrival times of distinct received pulses 
from various geologic horizons or strata involve 
the product of the path length and the dielectric 
constant. Interpretation is analogous to the seis- 
mic reflection method, which is well-established 
in terrestrial situations. 

The shapes of the pulse envelopes and the 
amplitudes of the individual pulses each can be 
quite diagnostic of the nature and distribution of 
lunar rocks and soils. This is particularly true 
when rocks that are dry are compared with rocks 
having 1 percent or more of moisture (ref. 13). 
From the pulse shape Morrison et al. (ref. 14) have 
demonstrated a quantitative means of interpreta- 
tion; they have also demonstrated the concept of 
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time dependency of apparent conductivity in 
time domain interpretation. In the latter case, 
the time axis is the depth sounding axis. This type 
of interpretation, while novel, is based on well- 
established and sound physical principles. 

PCM Mode 

In the PCM mode, which is available for most 
of the lunar circumference, only the amplitude of 
the received signal (i.e., the first echo) is meas- 
ured. This can be plotted versus frequency in the 
manner shown in figure 5. The subsequent inter- 
pretation depends on the construction of a model 
of the lunar subsurface that matches the observed 
data. In figure 5, for example, the variation of the 
amplitude of the reflection coefficient versus fre- 
quency is markedly dependent on the presence 
of water. 

Areal Extent of Return and Surface 
Roughness 

For specular reflection, the Fresnel zones for a 
particular frequency dictate the areal extent of 
the return because of the essentially uncon- 
strained antenna pattern and the fact that the 
return is in the vicinity of normal incidence. The 
effect of roughness is to produce signal returns 
from regions outside the major Fresnel zones. 
This has a dispersion effect in time, and possibly 
may cause interference with the dispersion pro- 
duced by conductivity within the lunar subsur- 
face. From a knowledge of the lunar surface 
statistics, the dispersion due to roughness scatter- 
ing may be removed (deconvolved). Information 
on lunar surface roughness may be deduced from 
(1) Earth based radar information, (2) orbiter 
photography, (3) altitude radar and metric cam- 
eras aboard the CSM on which the proposed ex- 
periment is mounted, and (4) altitude radar and 
metric cameras aboard earlier or later Apollo 
missions. The influence of roughness may be 
studied by means of scaled models in which the 
photographed lunar surface roughness is repro- 
duced, and possibly by calculation. 

Effect of Solar Plasma on 
Lunar Interior Studies 

For average solar wind conditions, the effect of 
the plasma should not complicate the interpreta- 


tion (refs. 15 and 16). The presence of a lunar 
ionosphere greater than 100 electrons per cm :) 
may possibly complicate the Moon echo inter- 
pretation at the low-frequency portion of the 
sweep. On the dark side of the Moon this problem 
is not expected. 

Lunar Ionosphere 

The form of the data is given in figure 15. The 
transmitted pulse consists of a sine wave of fre- 
quency/ Hz, truncated by pulse boundaries hav- 
ing time extent t p . The value of t p for ISIS— A 
sounder is 97.7 fx sec. 

The condition for transmission of the sine-wave 
pulse is given by approximately: 

/> 0.9 X 10 :i VW e =f„ Hz 

where N r is the number of electrons per cm 3 . 
When / is equal to /,,, the wave is reflected. 

The distance h from the spacecraft at which the 
wave is reflected is given by approximately: 

h — crl2 km 

where c represents the speed of light in kilo- 
meters/second and t is expressed in seconds. The 
time r is the travel time of the pulse from the 
spacecraft to the reflecting region and back to the 
spacecraft. Thus the measurements of / and r 
yield values for N e and A, which represent the 
electron number density profile of the lunar iono- 
sphere. The minimum value of r lor non-ambigu- 
ous interpretation is, of course, the value of r p 
(sounder pulse time). For r^ — 91.1 /Ltsec., the 
minimum value of h is about 15 km. 

It is clear from the transmission and reflec- 
tion conditions discussed at the beginning of this 
section that the sounding can measure only an 
electron density that increases with distance 
from the spacecraft. The lowest frequency em- 
ployed is 10 5 Hz; this corresponds to a density of 
about 100 electrons per cm 3 . 

At present, theories regarding the density 
profile of the lunar ionosphere are based on quite 
arbitrary assumptions. It is not at all certain 
whether a maximum in electron density will 
occur above or below the spacecraft nominal alti- 
tude of 100 km. However, whether such a maxi- 
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mum does indeed occur above or below the space- 
craft, the electron density profile to such a maxi- 
mum can be measured. If the maximum lies 
between the spacecraft and the lunar surface, 
this may be determined by effects on the pulses 
whose frequencies barely permit penetration 
through the plasma, are reflected by the lunar 
surface, and return through the plasma to the 
spacecraft. 

CONCLUSIONS 

We have employed elementary two-, three-, 
and four-layer planar models of the Moon to 
calculate the reflection coefficient, apparent 
dielectric constant, and apparent conductivity 
for normally incident plane waves in the fre- 
quency range of 10 4 to 10 K Hz. Values can be 
obtained for the lunar subsurface electrical 
parameters, and thicknesses of some layers. 
Of particular interest is the possibility of deter- 
mining the presence or absence of water (in 
pore liquid or permafrost form) if the measure- 
ments are sufficiently precise. The power return 
to an orbiting antenna, on the pessimistic side, 
may only differ by 2 to 3 db (or even less) between 
a dry and a wet Moon, and this may be just within 
the limits of current technology. On the other 
hand, the power return between a dry model and 
either a wet model or a permafrost model may 
differ by 5 or 6 db or more. 

The lower the frequency, the greater the dif- 
ference between reflection coefficients for dry 
and wet (or permafrost) models. The low-fre- 
quency end may be set by technological consid- 
erations rather than plasma problems, for 
measurements taken in the plasma void on the 
dark side of the Moon. 

An upper frequency limit of about 10 8 Hz will 
assure that discrete scattering from objects 
smaller than about 10 meters in mean dimension 
will be negligible. Scatterers larger than this 
should represent geologically significant items. 
Electromagnetic returns from them will con- 
tribute information useful for three dimensional 
geological mapping. 

The sparsity of reliable spectra of conductivity 
and dielectric constant under variation of rock 


type and composition, percent saturation, pore 
water salinity, temperature, and pressure 
represent the greatest single uncertainty in the 
theoretical analysis of lunar electromagnetic 
experiments. Much of this uncertainty can be 
removed by laboratory tests with suitable 
simulated lunar material. 
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A Manned Lunar Mission for Water Exploration 
in the Marius Hills 


Students in their final quarter of study for the M.S. degree in Astronautics/Space Facilities at 
the Air Force Institute of Technology are required to complete a design study on a subject chosen by 
the faculty. The results of this group effort carried out by the class which graduated in June 1968 were 
contained in a report entitled A Manned Lunar Mission for Water Exploration in the Marius Hills. 
This chapter is a condensation of that study. Many specific details of the planned 1978 time period 
mission have been deleted in favor of a shorter, more general look at both the problem and the solution. 

Before such a mission as this is undertaken, it is obvious that maximum use should be made of 
water-detecting sensors flown on manned and unmanned orbiting spacecraft. Several techniques have 
been suggested lor use from orbital altitudes, but the planning of a mission utilizing them was con- 
sidered to be outside the scope of this study. 

Several technic al problems may reduce the efficiency of men and equipment on the lunar surface. 
Operation during the lunar night may be difficult, and some doubt yet exists as to the ease of traffica- 
bility and navigation across the lunar surface. Other problems may arise in the long-term operation of 
vehicles on the surface where lunar soil partic les may adhere to vehicle surfaces and reduce visibility 
and increase problems w ith lubrication and airlock seals. For the purposes of this study, it was assumed 
that such problems will be solved. 


INTRODUCTION 

The establishment of a Moon base may be a 
first step in man’s reach into space as well as a 
necessary station for lunar-based science, 
principally geology and astronomy. Lunar water 
resources will be useful, if not necessary, for 
both types of programs (ref. 1). Water will be 
required for life support at any station established 
for lunar based astronomy, the exploration of the 
Moon, or as a point of departure for interplanetary 
spacecraft. Furthermore, water could be used in 
this latter type of mission in the production of 
chemical rocket fuel or as a reaction mass for 
nuclear powered rockets. From this point of view, 
lunar bases could be used as refueling stations if 
useful quantities of water can be extracted from 
the near- surf ace (ref. 2). T he purpose of this 
chapter is to outline a plan for a mission to explore 
for water in the Marius Hills region of the Moon. 
In the development of this mission plan, attention 


was given initially to the probable nature of lunar 
water sources, how they might be detected, and 
the most promising locations for a water explora- 
tion mission. 

SOURCES AND METHODS OF 
DETECTION 

As no lunar equivalent to the Earth’s hydro- 
logic cycle exists, recoverable water on the 
Moon, if not primordial water, must be juvenile 
water resulting from processes of magmatic dif- 
ferentiation and defluidization. This juvenile 
water could occur in traps of various types. On 
Earth, water is contained in most igneous rocks; 
on the Moon, water could possibly occur as a free 
phase or chemically or physically bound in rocks 
or minerals. For example, it could occur in the 
intergranular interstices of rock or trapped in 
small cavities of crystals of minerals such as 
quartz or as chemically bound constituents of 
hydrous minerals such as mica, hornblende, or 
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serpentine. Another potential source of lunar 
water would be a free phase occurrence in a 
permafrost layer (ref. 3), which could exist a few 
meters below the surface (ref. 4), or as ice found 
in permanently shaded regions, which may act 
as cold traps (Watson, et al„ ref. 5). Watson and 
his coworkers suggest that an accumulation of 
water-ice could exist for long geologic time in 
these cold traps. Other possible sources of free 
water (ref. 6) are postulated ice deposits below 
chain craters and rilles (figs. 1 and 2). 

Chemically bound water, in the form of the 
hydroxyl ion, is probably the most likely useful 
source of lunar water. Clays produced from 
hydrothermally altered feldspar, such as those 
found around terrestrial fumarolic vents (fig. 3), 
contain 3 to 8 percent water (ref. 8) and are possi- 
ble lunar water sources. Green has further indi- 
cated that a gallon of water could be extracted 
from such a rock containing 5 percent water by 
weight. Volcanic tuffs and serpentines would be 
other productive sources if they occur in the 
lunar environment. 

Geophysical water exploration methods gen- 
erally fall into two groups — one useful in locating 
possible water bearing structures, the second use- 
ful in detecting water itself. The first group in- 
cludes seismic, magnetic, and gravity techniques. 
Direct detection of water is possible through the 


use of electrical, radiation, spectrographic, and 
photometric methods. The direct methods may 
be more appropriate for use in the type of mission 
under consideration because the indirect methods 
are time-consuming and often serve to locate po- 
tential water bearing structures rather than water 
itself. Techniques now in existence or antici- 
pated for the 1978 time period will be considered 
for their potential usefulness in the determina- 
tion of the presence of water through the meas- 
urement of a parameter or parameters having 
characteristic values for water in solid, liquid, 
gaseous, or hydroxyl form. 

Detection of Free Water 
Direct Sampling 

Clearly, systematic sampling of surface and 
subsurface materials must accompany indirect 
techniques. Samples, some examined on the 
Moon and many sealed and transported to Earth, 
will yield valuable data in themselves as well as 
serving as calibration points for the indirect 
methods. 

Electrical Resistivity 

Electrical resistivity can be used to determine 
depth, thickness, and electrical conductivity of 
different subsurface layers in heterogeneous 
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Figure 1. — Mare chain crater (ref. 7). 
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Figure 3. — Lunar crater with hydrothermally altered clays (ref. 7). 


layered media (ref. 9). Electrodes are positioned 
on the surface and potentials are measured at 
various spacings between them. Since water has 
a large effect on the electrical conductivity of 


rocks and soils, resistivity is a potentially useful 
technique in detecting subsurface water. This 
technique is simple to use but is time consuming 
and requires a significant power source. 
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Neutron Logging 

Radioactive or neutron logging techniques 
(e.g., ref. 10) involve the emplacement of a fast 
neutron source and return counter at the bottom 
of a borehole. This removes the device from any 
“outside” radiation effects. The medium around 
the hole is then bombarded with fast neutrons, 
and the gamma radiation or the slow neutron flux 
returning from the rock is measured. This method 
is simple to use and has the additional benefit of 
low power-size-weight ratios. It does, however, 
require a borehole. Furthermore, the interpreta- 
tion of results may involve ambiguities requiring 
the sampling and analysis of possible water- 
bearing soil or rock. 

Mass Spectrometry 

A mass spectrometer could be miniaturized 
and made useful in the detection and measure- 
ment of volatiles escaping from the lunar surface 
(ref. 11). The probe of a mass spectrometer could 
be inserted into loose surface material. Heating 
or agitating the material would serve to increase 
chances of detecting and identifying the gases. 
Such a probe could be used in rilles or crater 
bottoms and at other locations where water 
sources are most likely to be located. 

Alteration of Reflection Spectrum by 
Water 

Ward et al. (refs. 12 and 13) show that the 
presence of even a fraction of a percent of free 
pore water will modify the reflection coefficient 
over a wide frequency range. In addition, the 
apparent conductivity and the apparent dielectric 
constant of natural materials will be changed, 
thereby permitting the detection of the presence 
of water in experimental samples by indirect 
means. This electromagnetic technique discussed 
by Ward is presently in the research and develop- 
ment stage, but it may be available for field use 
on the Moon by 1978. 

Aluminum Oxide Hydrometer 

Adler (ref. 14) suggests the use of the alumi- 
num-oxide hydrometer in water exploration. As 
water is absorbed there are measurable imped- 
ance changes which can be related to amounts 
of subsurface and also bound water present. 


Detection of Bound Water 

Infrared spectrometry is one of the most prom- 
ising techniques proposed for the detection of 
bound water. Certain emission and absorption 
bands are characteristic of minerals containing 
water in various bound forms. The infrared sur- 
veying equipment needed to accomplish the task 
envisioned for the proposed lunar mission has 
not yet been developed, but the principle has 
been successfully demonstrated (refs. 7, 15, and 
16) and only requires field testing. 

Summary of Detection Techniques 

In addition to direct sampling, the following 
techniques may be developed for application to 
the problem of lunar water exploration by in- 
direct means: 

(1) For free water — electromagnetic reflection 

(2) For bound water— infrared photometry 

(3) For confirmation — neutron logging 

(4) For mapping of subsurface layers — elect 
resistivity, etc. 

(5) For analysis of volatiles— mass spec- 
trometry 

In addition, other techniques (ref. 14) such as the 
measurement of neutron albedo from lunar orbit 
and the use of the aluminum oxide hydrometer on 
the lunar surface may be developed for the detec- 
tion of subsurface and bound water. 

SITE SELECTION 

Nine sites, all suggested in 1967 by the subcom- 
mittee of the NASA Group for Lunar Explora- 
tion Planning were considered in this study as 
potential sites for a water exploration mission. 
These sites included five craters (Censorinus, 
Littrow, Abulfeda, Copernicus, and Tycho), two 
rilles (Hadley and Hyginus), and two likely vol- 
canic areas (Schroeter’s Valley and the Marius 
Hills). Also considered were additional sites 
near the craters Aristarchus and Alphonsus. The 
Marius Hills region was selected as the general 
area for a lunar water exploration mission for the 
following reasons: 

(1) The region consists of topographic domes 
inferred to be volcanic in origin (refs. 17 and 18), 
and water is typically associated with terrestrial 
volcanism. 
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(2) Geological and geophysical interest in the 
area indicates that a lunar base at the site may 
be desirable. 

(3) Distance from the lunar equator was not 
large enough to cause any accessibility problems. 

(4) Available photographic coverage (Orbiter 
V high resolution frames 211 to 217) indicated that 
the region was smooth enough for both landing 
and traversibility. 

The specific landing site chosen, with approxi- 
mate astronautical coordinates 14°40' N. and 
56°20' W., was located in the center of an area 
between four domes in the northern section of 
Orbiter V medium resolution frame 213. This 
site can also be located on Lunar Chart LAC 56 
prepared by the U.S. Air Force Aeronautical 
Chart and Information Center. 

The mission plan was separated into two tasks 
to be performed in 90 days on the lunar surface. 
The first task was the thorough investigation of 
the main base area, the region surrounding the 
landing site with a radius of roughly 6 kilometers. 
The second task was to traverse a larger outlying 
area, investigating as many of the possible water 
bearing features as possible. A secondary task 
was the investigation of geologic features which 
occur along the traverse. 

The most advantageous means of carrying out 
the mission in a 90-day stay time appears to be 
through the use of two three-man teams. Team A 
was assumed to consist of a pilot-astronaut, a 
geophysicist, and an engineer-mechanic. Team B 
will consist of a pilot-astronaut, a geophysicist, 
and a bioenvironmental engineer. All crew mem- 
bers will be cross-trained in aspects of medicine, 
equipment repair, and the piloting of the various 
transport vehicles. 

MISSION PLAN 

The payload and personnel will be soft-landed 
into the Marius Hills with two uprated 188 per- 
cent Saturn V rocket systems (ref. 19). The bulk 
payload consisting of the two living shelters 
(LSLM, MOBEX) for the astronauts will be trans- 
ported to the Moon by a “cargo rocket, “ whereas 
the six crew members, other mobility aids, scien- 
tific equipment, and life-support expendables will 
be launched by a “passenger rocket.” The cargo 
rocket can precede the passenger rocket by as 


long as 6 months provided that it can be con- 
firmed by telemetry that the equipment landed 
by the cargo rocket is in a suitable location and 
in working condition. 
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The proposed launch system is comprised of an 
uprated Saturn V rocket with four attached 120- 
inch, 7V3 segmented solid propellent rocket 
motors (fig. 4). Approximately 450 000 kg will 
be put into a 100-n.m. circular Earth orbit. Only 
86 260 kg will be injected into a translunar orbit, 
and after slowing down into a lunar orbit and 
finally landing on the Moon, approximately 30 000 
kg will remain as payload. Tables I and II indi- 
cate the component masses injected into trans- 
lunar orbit and the masses landed on the Moon, 
and table III presents the individual payload 
masses for both rockets. The passenger rocket 
will have Earth-return L— III stage) capability, 
but the cargo rocket will not require it. Both 188 
percent Saturn V’s have L-I and L II stages; a 
lunar braking stage and a lunar descent and land- 
ing stage, respectively. A more detailed mass, 
volume, and power description of the scientific 
and life-support equipment is presented in 
table IV. 

Team A 

Team A will be assigned to the Lunar Shelter- 
Laboratory Module (LSLM), shown in figure 5, 
and located in the main base area. They will be 
equipped with mobility aids such as a Local 
Scientific Survey Module (LSSM) and possibly a 
Lunar Flying Vehicle (LFV) (figs. 6 and 7). The 
equipment necessary to conduct electromagnetic, 
infrared, neutron logging, and resistivity experi- 
ments; drill 30-meter holes; perform mass 


Table II.— Mass Landed on Moon 


Item 

Weight (kg) 

Cargo rocket (at time = 0) 


Empty L— II stage 

8356 

Unmanned mode 

530 


29 739 

Total mass 

38 625 

Passenger rocket (at time = 2 or 3 months) 


Empty L-II stage 

8356 

I —HI «ta tjr e . 

15 856 

Adapter 

400.4 

Command module 

7718 

Payload 

6294.6 

Total ma** 

38 625 

Total landed mass 

77 250 

Total landed payload (not including 


earth-return mass) 

36 033.6 


Table III. — Payload Weights and Volumes 


Item 

Weight 

(kg) 

Volume 

(m 3 ) 


29 739 

257 

lslm 

| 20 095 

82 

MORFX and trailer 

9644 

175 

Payload for personnel rocket 

6294.6 

25.77 

lssm 

500.0 1 

11.00 

LFV (2) 

940.0 

3.64 

Scientific equipment 

444.3 

1.09 

Expendable* r 

4189.0 

9.33 

Communication and power sources 

221.3 

0.71 


TABLE I. — Mass Ejected on Translunar Trajectory 


Equipment 

Weight (kg) 

Volume (m 3 ) 

Performance 

Passenger rocket 




L-I stage lunar orbit braking stage 

24 209 

187 

1080 m/sec 

L-II stage lunar descent and landing stage 

31 782 

224 

2100 m/sec 

L— III stage lunar takeoff and transearth injection 




stage (Earth return) 

15 856 

66 

3125 m/sec 

unit 

400.4 

25.77 



7718 

25 


O .-> * r L < n /I t y i r (for mC 1 L” P t . . . . 

6294.6 

25.77 


Cargo rocket 

1080 m/sec 

L-I stage 

24 209 

187 

L-II stage 

Unmanned mode (payload container) 

31782 

530 

224 

257 

2100 m/sec 

L\r r»'jrtrn rurT'Pt 

29 739 

257 
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Equipment 

Weight 

(kg) 

Volume 

(m 1 2 3 ) 

Power 

(watts) 

Scientific equipment for MOBEX 




Mass spectrometer 

12 

.05 

100 (plug in) 

Electromagnetic device 

18.6 

.0115 

250 (plug in) 

n-y device 

50 

.013 

3.3 (plug in) 

10m drill 

13.6 

.057 

350 (solar cells and plug in) 

Infrared device 

45.4 

.165 

16 (plug in) 

Microwave device (radar) 

25 

.1 


Scientific equipment for LSLM 




Mass spectrometer 

12 

.05 

100 (plug in) 

Resistivity device 

9 

.05 

200 (plug in) 

Electromagnetic device 

18.6 

.0115 

250 (plug in) 

n-y 

50 

.013 




Microscope 

1 

.014 

1 (plug in) 

Cutter-grinder 

2 

.028 

5 (plug in) 

30m drill 

90.9 

.34 

3500 (solar cell and plug in) 

Infrared device 

45.4 

.165 

16 (plug in) 

Baking oven 

50 

.013 

100 (plug in) 

Spring scales 

1 

.0084 


Communications 




For shelter (S-band) 

*45.5 

.054 

66.7 (plug in) 

For MOBEX (S-band) 

2 45.5 

.054 

66.7 (plug in) 

6 belt packs (6-man) 

3 10.92 

.0054 

9.6 (rechargeable battery) 

Remote experiment (radio) over 100m away 

17.3 

.05 

5.54 (battery) 

Remote experiment (direct wire) 

6.9 

.0066 

0.27 (plug in) 

For LSSM 

45.5 

.054 

66.7 (plug in) 

For two LFV’s 

34.6 

.1 

11.08 (battery) 

Miscellaneous 




2 preparation of food equipment 

109.2 

3.36 

800 (plug in) 

2 waste water treatment 

77.2 

.0326 

362 (plug in) 

2 atmosphere control (heating and cooling; one for MOBEX. one for 




LSLM) 

500 

1.02 

5700 (plug in) 

Extra power sources 




Roll-up solar cells (used for drills, supplementing the LSLM and 




MOBEX power units) 

117 

.5 

Producing 3850 


1 Included in wt of shelter. 

2 Included in wt of MOBEX. 

3 Included in MOBEX and shelter. 


spectroscopy; and laboratory equipment such as 
a polarizing microscope, a rock cutter-grinder, 
a scale, and an X-ray diffractometer will be 
available at the LSLM. During the first portion 
of the mission the LFV, which has a two-man 
capability, could be used to gather hand speci- 
mens from selected features around the main 
base area. One man will gather the specimens 
while the seond man will act as photographer 
and observer. The third man, during this period 
and throughout the mission, will remain at the 


LSLM and act as a communications monitor and 
cartographer. 

The hand specimens will be labeled and re- 
turned to the LSLM. Upon completion of inspec- 
tion and laboratory analysis of some of these 
specimens, any important findings will be 
transmitted to the second team for their informa- 
tion. The follow-on main base activities will 
include the drilling of eight 30-meter core holes 
and the horizontal and vertical mapping of a 
portion of the area with the resistivity equip- 
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ment. The LSSM, which also has a two-man 
capacity, will be used for transportation as these 
tasks are performed. 

Team B 

The other three-man team will concurrently 
conduct the traverse of the surrounding region. 
This team will be equipped to conduct electro- 
magnetic, infrared, neutron logging, and mass 
spectroscopy investigations. Their navigational 
or ranging radar system may be adapted to 
conduct a radar survey. A 10-meter drill is re- 
quired. The surface vehicle used in this traverse 
is known as a MOBEX (fig. 8), for Mobile 
Excursion Vehicle (ref. 20), which can be used 
as a shelter and will support three men in a 


shirt-sleeve environment for the entire 90 days. 
The MOBEX will initially make a circular 
traverse of the main base at 5-km radius to check 
out its equipment and to conduct a reconnais- 
sance survey of the area. It will then conduct the 
long traverse shown in figure 9. 

The MOBEX has the capability also of carrying 
the second LFV supplied to the mission. This 
LFV will be used primarily for transportation 
to areas such as cratered dome fields which 
are inaccessible to the MOBEX. An important 
backup function of this LFV is that of an 
emergency rescue vehicle. The range of an LFV 
is 800 km, which is about 10 times as large as 
the maximum planned distance of the MOBEX 
from the LSLM. 
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Figure 6. — LSSM configuration (ref. 21). 


The mission plan calls for the MOBEX to fol- 
low a pre-planned path around the Marius Hills 
region along which specific tasks will be accom- 
plished. Some flexibility will be permitted to 
allow for the unexpected. 

At each of eight specified locations (fig. 10) the 
crew will spend from 2 to 8 days in a detailed ex- 
ploration of the feature of interest. The duration 
of the stop will be a function of the amount of 
information being returned. The points of interest 
along the proposed traverse were selected from 
the high resolution Orbiter V photographs (table 
V). Upon completion of the 180-km traverse, the 
six astronauts will rendezvous at the LSLM, 
make final preparations, and return to the Earth. 

Communication Links 

A system of stations spaced around the Earth 
will provide continuous contact with the two 
living shelters (LSLM and MOBEX). This Apollo 
Ground Operation Support System from the early 
Apollo missions will accept the transmission 
of voice, digital data, and TV from the two 
lunar laboratories. The LSSM, LFV, and the 
astronauts will have communication systems 
provided for operational procedures on the 
lunar surface. Due to the curvature of the 
Moon, the line-of-sight transmission between 
the “belts packs” on the space suits is limited to 
5.5 km. It will be necessary to employ Moon- 
Earth-Moon relay links for point-to-point com- 
munication on the lunar surface over long 
distances. Coaxial cables can provide data 
transmission from some experiments conducted 



FIGURE 7.— T-wo-man lunar Hying vehicle (ref. 22). 



Figure 8. -MOBEX. 

on the surface to the living shelters, thus allowing 
the astronauts the convenience of a shirt sleeved 
environment where they can monitor data 
collection. Communication links between the 
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Fk.I KK 9. — MOBEX traverse through northern portion of 
Marius Hills region. 


FltilRE 10. — Traverse through southern portion of Mariu 
Hills region. 


Table V . — Marius Hills' Points of Interest 


The major point of interest is the intersection of a ridge and a rille. An attempt 
should he made to determine subsurface features and characteristics of tin* ridge 
and the rille. 

An apparent transition from a sinuous rille to a tubular ridge suggests the possi- 
bility of a cave or permanently shaded area at this site. Such a site could retain ice 
near the surface. This location may also provide some information about the 
origin of lunar rilles. 

The large crater at the head of the prominent north-south rille should be investi- 
gated for indications of the presence of water. Information concerning the origin 
of the rilles might also he available here. 

The two prominent clusters of possible volcanic domes should he investigated. The 
structures are typical of those postulated to be likely sources of lunar water. 
Samples will he collected. 

The cratered trench adjacent to the indicated traverse should be examined for 
possible volcanic origins and for any evidence of water. 

An effort should be made to expose the interior walls of this apparent impact crater. 
This should provide information about the stratigraphy underlying the region. 

A north-south crater chain and rille system should be investigated to determine the 
character of these features. 
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Hydrothermal ly Altered Rocks as a Lunar and 
Martian Water Source 


Hydrothermally altered rocks are hydrous and may provide a source of water for the lunar and 
Martian base. Two major types of hydrothermal alteration thought to occur on the Moon and Mars 
are sulfur-acid and halogen-acid. Halogen-acid alteration may be confined to the termini or thickened 
zones of ash flow tuffs or to high temperature fumarolie centers at flow sources. In the latter case, the 
amount of hydrothermal alteration is relatively slight. Sulfur-acid alteration is more extensive. The 
hydrothermal envelopes surrounding volcanic* vein-sulfur deposits can possibly provide over 150 liters 
of w ater per cubic meter of clay. Remote sensing techniques can be* applied to detect sulfur compounds. 


There are at least two possible candidates for 
a water source on planetary bodies that are 
volcanic, but lack near surface permafrost or ice. 
These two sources are hydrothermal clays and 
glassy zones in tuffs. The solar and nuclear power 
techniques for extracting: water from Tumulo 
Creek tuff in Oregon have been discussed 
previously (ref. 1). This chapter will emphasize 
tlie nature and distribution of water in hydro- 
thermal clays and will briefly discuss the localiza- 
tion of this resource on the Moon and Mars. 

Two major types of hydrothermal alteration are 
sulfur-acid and halogen-acid. Of these, the sulfur- 
acid type is thought to be more important in 
evolving clays useful as a source of lunar and 
Martian water. Hydrothermal alteration char- 
acterized by the halogen-acids is, in general, of a 
higher temperature and often less hydrous than 
the sulphur-acid type. However, significant 
exceptions occur. For example, in the Valley of 
Ten Thousand Smokes in Alaska, Covering 
(ref. 2) has shown that a considerable amount of 
water in the form of hydrothermally altered 
clays is present on the margins of halogen-acid 
fumaroles at the distal end of the 1912 ignimbrite 
flow (fig. 1). On the other hand, in the halogen- 
acid vents of the Guatamala volcanic highlands, 



Fid RE 1. — Alteration haloes of clay around halogen acid 
fumarole, near terminus of ash flow of the Valley ol I en 
Thousand Smokes, Alaska. 


most of the sublimates are anhydrous, and the 
aureole of water-bearing altered rocks is minimal 
(R. Stoiber, personal communication). 

Therefore, sulfur-acid alteration, which is more 
abundant than halogen-acid alteration, and which 
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is almost always associated with hydrous rocks, 
has been studied from the standpoint of water 
potential on the Moon and Mars. The pertinent 
question arises, “How much of the Moon is 
volcanic and therefore associated with hydro- 
thermal activity?” Probably over 95 percent of 
the major lunar surface features are volcanic 
(ref. 3): but of the volcanic area actually present 
on the Moon and Mars, only the vent areas will be 
hydrothermally altered. The area of a vent com- 
pared to the area of unaltered lava and ash Hows 
is relatively very small. Volcanoes and, on a 
smaller scale, fumaroles are the most common 
vents in terrestrial volcanic provinces. 

As figure 2 shows, the central mountains in 
Copernicus on the Moon resemble breached 
volcanoes on the Earth. The volcano on the lower 
left is that in the Fernandina caldera in the 
Galapagos Islands: on the ri^ht is the White 
Island volcano in New Zealand. Figure 3 shows an 
interior view of the andesitic volcano in New 


FioURE 3. — Interior of White Island volcano, \ 
Solfataras and hydrothermal clay in hack 


Fna re 2. — Comparison of the central mountain in Copernicus (top) with Fernandina volcano in the Galapagos Islands (lower 
left) and White Island in New Zealand (lower right). The Copernicus mountain, about 300 meters high, appears to be breached 
by an explosion similar to the terrestrial volcanoes. The Fernandina volcano is 70 meters high and that of White Island 


about 500 meters high. 
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Zealand, which is characterized by abundant 
sulfur mineralization and hydrotherrnally altered 
clay. In addition to clay, siliceous opaline sinter 
occurs at the fumarole vents. Clear examples of 
the association of clay and opal — each having a 
water content that may exceed 135 liters of water 
per cubic meter of clay or opal (one gallon of 
water per cubic foot) — are found all over the 
world. Figure 4 shows opaline sinter associated 
with sulfur and clay on the eastern fault margin of 
the Kilauea caldera in Hawaii. The sinter con- 
tains 4 percent H20 + (fig. 5), most of which is 
hydroxyl bonded at temperatures from 650 to 
750° C. The same amount of water (H 20 + ) in the 
associated montmorillonite clay is contained 
within a more restricted and lower temperature 
interval maximized at 600° C. 


In Japan, volcanic sulfur is invariably mantled 
with an envelope of hydrous rocks at depth. 
Th is relationship is clearly observed in vein- 
sulfur mine deposits in the Shojingawa, Ishizu, 
Iburi, Zao, Oshima, Shirane, Kuju, Azuma, Akan, 
and Nishiazuma mining districts. For the last 
named mining center, as Mukaiyama (ref. 4) lias 
shown, the zoning from the fresh rock to vein 
sulfur is as follows: fresh rock, clay, alunite, 
opal, pyritized rock, sulfur (fig. 6). Surface ex- 
pressions of sulfur deposits do not always indicate 
this clear cut zoning. In figure 7, for example, the 
alteration halo at the Atosanobori sulfur mine in 
Hokkaido shows mostly opaline sinter associated 
with gypsum and some pyrite produced by the 
ascending sulfur-bearing vapors. 

Research by R. W. Wood (refs. 5 to 7) in the 



Fioi RE 4. -Sulfur-rich fracture zone trending north-south on eastern margin of kilauea caldera. The sulfur is associated with 

siliceous sinter and clay. 
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Fi(U RE 5. — Electrolytic hyjirometry curve of siliceous sinter 
and clay collected in the alteration zone shown in figure 4. 



SULPHURIZED ROCK l • V-V.I PYRITIZED ROCK 1 \‘l d oPALIZED ROCK 

ALUNITIZED ROCK [ | kAOLINIZED ROCK UNALTERED ROCK 

F ic;i RE 6. — Typical alteration sequence in tin* vein sulfur 
deposits of Hokkaido, Japan (after Mukaiyama. 1959). 



\*o*\ OPALIZED SINTER 
| | OPAL PYRITE-GYPSUM 

opauzed rock 
1//1 SULFUR 
^ FRESH ANDESITE 


FIGURE 7. — Surface alteration halo at the Atosanohori mine, 
Hokkaido (after Mukaiyama, 1959). 


early part of this century disclosed that certain 
parts of the Moon appeared dark when observed 
through a telescope with an ultraviolet filter. 
When a yellow filter was used, these spots 
virtually disappeared. Wood believed that a 
large area north of Aristarchus shown in figure 8 
(the so-called Wood's Spot) was a sulfur deposit 
because of its unusual reflectance properties, 
namely high reflectance in the visible and high 
absorption in the ultraviolet. Zinc oxide also 
shows these characteristics. However, because 
sulfur is the most abundant volcanic mineral 
and because the Moon exhibits so many volcanic 
features, Wood thought that sulfur was the ma- 
terial producing the darkening effect in the 
ultraviolet. 

However, native sulfur cannot he the material 
causing the Wood’s Spot effect. As shown in 
table I, the sublimation rate of a centimeter 



VIOLET 


ULTRA- 

VIOLET! 


ULTRA-VIOLET! 


Fkaire 8 . — Spec tral data on dark spots of the Moon (modified 
after Wood. 1912). 
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Table I. — Decomposition Rate of Sulphur* 


Temperature Number of years** 


— 150° C (lunar shadow) 10 25 

o°c 10 2 

4- 100° C (lunar subsolar) 10~ 3 


*Age of Earth-Moon crust is 4.5 X 10 9 years. B (rate of sub- 
limation in cm/sec) = 1.1 X l() ,0 e _23 ' 890/ff7 ’. 

**Years required to vaporize a layer 1 centimeter thick in 
vacuum. 



Figure 9. — Reflectance and absorption data on materials 
possibly causing the Wood’s Spot anomaly. 


thick layer of sulfur in vacuum under sub-solar 
conditions would evaporate this layer in 9 hours. 
Therefore, sulfur could not remain on the lunar 
surface very long under sunlit conditions unless 
the deposit were very thick or being regenerated. 
The mineral jarosite or some other yellow stable 
sulfur compound is a more reasonable cause for 
the darkening effect in the uv. Sulfur-bearing 
gases such as sulfur dioxide are also possible. 
The most likely explanation, however, is the 
simplest — quenching of luminescence in the 
Wood's Spot area by fresh iron-rich volcanics. 

Figure 9 shows the flat reflectance response 
of sulfur and jarosite in the uv. We already have 
discounted sulfur. If Wood’s observation is 
correct, that the darkening effect is maximized 
at 3100 and not at higher wavelengths (realizing 
that earthbound uv spectroscopy cannot go much 
below 3100), then sulfates such as jarosite may 
not be the answer either. This leaves the broad 
absorption band of S0 2 maximized at — 2900A 
as an explanation for the spectral anomaly. 
However, uv photography of the fumarolically 
active Halemaumau crater in April 1969, showed 
no measurable darkening effects, presumably 
because of the low concentrations of S0 2 
( — 100 ppm) present. Unless the Moon is con- 
tinuously emitting much higher concentrations 
of S0 2 that do not fluctuate during a lunation, 
sulfur dioxide appears only remotely possible. 

Study of Orbiter photography of Wood’s Spot 
shows what may be interpreted as fresh volcanics. 
Flow structures, sinuous lava (?) flow channels, 
and associate transients all in a region clearly 


outlined as a recent horst, point to very recent 
volcanism. Usually on Earth, the blacker the 
lava flow the more recent it is. The blackness 
may simply be a relative luminescence 
phenomenon with the quenching effect of the 
luminescence in iron-rich volcanics optimized at 
wavelength regions of high spectral activity. 
Significantly the wavelength region around 

0 

3100A is spectrally active (refs. 8 and 9). Even 
if Wood’s Spot is not directly caused by sulfur- 
bearing compounds, the recognition of recent 
volcanic centers by other effects is just as im- 
portant in detecting hydrothermal alteration 
centers on the Moon and Mars. Recent volcanic 
areas would contain many recent hydrothermal 
alteration centers, especially at the source 
craters of sinuous rilles and intersection of 
grid fractures. 

Because the alteration halo around sulfur- 
producing volcanic centers (solfataras) is com- 
posed of hydrous materials on the Earth, the 
possibility for this relationship also should exist 
on the Moon and Mars. The volume of these 
hydrous minerals (clay, opal, sulfates) is large 
compared to that of the sulfur. We might then 
regard sulfur or its compounds as indicators for 
water on the Moon and Mars. Because sulfur and 
many of its compounds have diagnostic absorp- 
tion characteristics in the ultraviolet, visible, 
and infrared, they are capable of being detected 
by remote sensors. Thus, finding sulfur and its 
compounds on the Moon and Mars may be criti- 
cal in locating the lunar or Martian base if we 
assume that sulfur equals water. 

The volume of water in the alteration zones 
around an idealized vein-sulfur deposit is shown 


382-451 OL-70-7 
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FIGURE 10. — Typical hydrothermal zoning and water yield in 
sulfur acid alteration sequence. 


in figure 10. A cube 10 meters on a side of the 
hydrothermal clay could provide over 10 4 kg of 
water. Altered material is easier to process for 
water than fresh rock because it is much softer. 
Also, in prospecting for and locating such a de- 
posit, not only the workability of the ore must be 
considered but also its extent. Ideally the pattern 
of a hydrothermal clay prospect on the Moon or 
Mars would consist of two parallel bands up to 
tens of meters wide on each side of a sulfur- 


bearing fracture. The sulfur itself, if abundant 
at depth, would also have application in lunar or 
Martian base technology. 
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Vacuum Adhesion and its Lunar Mining 
Implications 


Selected equipment, procedures, and results from three experimental studies of vacuum adhesion 
are discussed: (1) self abrasion of basalt at 4 X 10" 9 Torr to simulate lunar soil, (2) diamond wheel 
grinding of basalt at 0.1 and 4 Torr to simulate extraterrestrial geological sampling, and (3) friction and 
adhesion of selected metals at 5x 10“ 13 Torr. Some of the implications are that a lunar vacuum may 
alter the size distribution of fractured rock, required increased energy and time to fragment it, and 
reduce the speed at which grinding, certain kinds of drilling, and other abrasion work can proceed. 
Remedies such as low pressure protective atmospheres and bearing’surface lubricants are discussed, 
as well as their possible limitations. 


INTRODUCTION 

Three experimental programs concerned 
with vacuum adhesion, whose results have rele- 
vance to lunar mining and associated activities, 
are highlighted here and denoted by subsequent 
section headings. Discussions of the importance 
of vacuum comminution and descriptions of 
equipment and experiments are included in the 
lunar soil simulation section to elucidate relevant 
problems and insights pertinent to adhesion. 
The section on geological sampling studies ex- 
tends to higher pressures the findings of the 
simulation work; the associated vacuum grinding 
equipment discussed here may be of interest as 
a versatile testing device for assessing the vac- 
uum adhesional problems of machine tools and 
other comminution techniques. The third section 
discusses selected results of the adhesion and 
friction of metals in vacuum; only a small amount 
of the many studies of these phenomena are 
pertinent to the subject of this chapter. The 
description of associated equipment, due to 
its complexity, is omitted. The last section dis- 
cusses potential lunar mining problems and 
associated implications derived from the com- 
bined results of all three studies. 


LUNAR SOIL SIMULATION STUDIES 

Numerous experimenters have studied the 
properties of silicate powders in a vacuum en- 
vironment to learn about the properties of lunar 
soil (refs. 1 through 7). Associated work exists 
on the adhesion of crystals in vacuum, including 
those which are vacuum cleaved (ref. 8). It 
appears, however, that the study from which 
results here described are derived (refs. 9 and 
10) constitutes the only one on vacuum com- 
minuted powder, with the exception of parallel 
work on vacuum crushed olivine by Bell (ref. 11). 
Vacuum comminution is important because 
powder produced in air, or even in an inert gas, 
immediately adsorbs contaminating gases, and 
the last monolayers remain even when exposed 
to a vacuum environment. The inert gas is in- 
effective at contaminant protection because of 
preferential adsorption of impurity gases and of 
gases emitted from the rock itself. Once the 
contaminant gases are adsorbed, the vacuum 
environment is ineffective for desorption unless 
temperatures are used that are much higher than 
those common to vacuum chamber bake-out, so 
as to dissociate the resultant metallic oxides. 
Therefore, unless powder is vacuum comminuted 
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and other pertinent lunar conditions appropri- 
ately simulated, adhesive properties could differ 
appreciably from those of powder produced on 
the lunar surface, where an estimated 10~ 1() Torr 
vacuum exists. 

Figure 1 shows major apparatus components 
of this study: a grinding motor supported on a 
vacuum chamber, in turn supported on an ion 
pump, and a magnetron gauge to measure pres- 
sure. Ion pumping eliminated the danger in dif- 
fusion pumping of oil contamination from pump 
oil back-streaming. A simplified internal view of 
the chamber is shown in figure 2. A cylindrical 
inner rock was revolved abrasively along the 
inside surface of a torroidal shaped outer rock by 
means of a shaft pivoting on a ball joint. A bellows 
welded to the shaft served as a vacuum seal for 
the grinding motion and also prevented the shaft 
from rotating on its own axis. The motion was 
such that a spot on the inner rock always faced 
in the same direction as the rock moved. As a 
result, freshly abraded rock surfaces are exposed 
over the circumference of each component for 
every revolution of the inner component. 

One purpose of the design was to limit powder 
contact, prior to its collection in the pan below, 
to the freshly abraded surfaces, thus preserving 
powder cleanliness. A second purpose was to 
keep grinding surfaces exposed, to facilitate 
pumping the gases released during grinding, and 
thus to further minimize contamination and, of 
course, to simulate lunar conditions. Ultrahigh 
vacuum pumping was assisted with a liquid nitro- 
gen cold wall surrounding the components. 

Grinding initially caused a pressure burst to 
2.6 X 1()~ 8 Torr. This was followed by a rapid 
drop in pressure and then a slow leveling off. 
The mean pressure during grinding was 4 X 10 -9 
Torr. The pressure drop coincided with a gradual 
accumulation of powder on the grinding surfaces. 

Figure 3 shows rock components after 17 hours 
of vacuum grinding. Adherent powder covers the 
entire grinding surfaces, which are the areas 
of intimate contact extending from the bottom 
to 75 percent of the height of the rocks. Some 
powder was pushed above the grinding surfaces. 
An unsym metrical, but even, boundary separat- 
ing abraded and unabraded areas is evident. 
(The uncovered area is a rock crevice.) The 
sticking of powder to these regions was one of the 



most significant results of vacuum grinding. 
Grinding in air produced only a thin dusting of 
powder on the grinding surfaces and none above 
them. The lower picture shows that flakes of 
powder removed from the upper area after 
release of the chamber to atmosphere were 
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was distributed over the collecting pan in a 
circular manner, roughly duplicating the shape 
of the annular rock above it. This distribution 
did not exist with the air ground powder, shown 
in figure 6, which indicated less adherence to 
the pan and more responsiveness to pan vibra- 
tions. In fact, the vibrations set up wavy patterns 
that were nonexistent in the vacuum-ground 
powder. 

About 1 gram of powder was produced in 
vacuum compared with 4 grams in air in the same 
17-hour period. The median vacuum-ground par- 
ticle size was larger than the air-ground size, 
1.25 microns vs 0.9 micron. An increase in 
vacuum comminuted particle size was also ob- 
served by Bell (ref. 11). 



FIGURE 6. — Powder on the entire collecting pan after air- 
grinding. Arrows refer to wavy patterns. Dashed outline 
includes area previously shown enlarged. 


powders appear to approximate lunar soil obser- 
vations. The median simulated powder particle 
sizes, at about one-seventh that estimated for 
lunar soil, is a fair approximation, although likely 
to produce somewhat greater adhesion. 

GEOLOGICAL SAMPLING STUDIES 

Rock comminution methods have been under 
development for acquiring powder specimens 
that are compatible with requirements for auto- 
mated extraterrestrial geological analysis (refs. 
13 and 14). A prime requirement was a method 
for producing a controlled rock particle size dis- 
tribution. Reliance on sorting methods is thus 
avoided and thus possible mineralogical misrep- 
resentation, since comminuted size ordinarily 
depends on mineralogy. 

The optimal method developed entails first 
grinding a group of thin parallel ridges on the rock 
surface using dry ganged diamond wheels and 
subsequently removing these ridges by planing. 
The operations are illustrated in figure 7. The 
result is that powder size distributions are ob- 
tained, thus far on basalt and obsidian, that 
approach those desired for petrographic micros- 



It is seen that while observations of vacuum- 
ground powder are primarily qualitative, adhesion 
is demonstrably greater than for air-ground 
powder. While the strength is not extraordinarily 
high, it is sufficient to produce deceptive con- 
figurations, such as angular aggregates, which 
appear to account for some of the blocks seen in 
Surveyor photographs. 

Correlations between Surveyor findings (ref. 
12) and this work are noteworthy. Basalt, used in 
this simulation study, was concluded to be the 
makeup of lunar soil. The aggregates observed 
and the qualitative adhesiveness of simulated 



FIGURE 7. — Comminution method used for controlling particle 
size. Upper sketch shows ridge preparation; lower shows 
subsequent planning. 
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copy. Size distribution tests have been com- 
pleted only at atmospheric pressure and are there- 
fore discussed elsewhere (ref. 14). However, 
preliminary grinding tests of ridge formation have 
been performed in vacuum to observe potential 
grinding problems and particle trajectories rele- 
vant to powder collection. 

Figures 8 and 9 show front and side views of 
the vacuum grinding system, which incorporates 
a commercial surface grinder, retaining its direc- 
tional versatility, stability, and precision; move- 
ments are effected using the grinding machine’s 
original controls. A large bell jar over the front 
of the chamber permits a full view and, by open- 
ing it, chamber accessibility. 

Preliminary grinding tests were performed at 
0.1 Torr to eliminate aerodynamic effects and at 
4 Torr to simulate Martian pressures. Obvious 
powder swirling was observed at 4 Torr caused 
by grinding wheel generated air currents even 
at this low pressure, but only ballistic patterns 
were observed at 0.1 Torr. It was also observed 
that ridge formation was decidedly poorer at 
both vacuum levels. About 70 percent of the 
ridges were broken in vacuum compared with a 
negligible amount at atmospheric pressure. 
More powder clung to, or between, the grinding 
wheels in vacuum than at atmospheric pressure. 
This was concluded by running the wheels at 
high speeds after grinding and observing that 
considerably greater amounts of powder were 
thus flung out after vacuum grinding. These 
effects were most pronounced after brushing 
the grinding surfaces. Powder therefore appeared 
to be caked between the wheels and released 
after removing the outer “crust.” The increased 
powder clinging to the wheels could help account 
for the poorer ridge forming capabilities in 
vacuum. 

METAL ADHESION STUDIES 

Diverse studies of metal adhesion in vacuum 
exist, e.g., refs. 15 through 17. A review of 
theoretical and experimental work on this 
phenomena is presented in a report (ref. 18) 
from which results here described are derived. 
A distinguishing feature of this study is the ex- 
tremely low pressure, 5X 10~ 13 Torr, in which 
adhesion tests were administered. Other studies 



FIGURE 8. — Front view of vacuum grinding system. 



FIGURE 9. — Side view of vacuum grinding system. 


are believed limited to pressures higher than 
1 X 10 -9 Torr. 

Materials were tested in an “extreme high 
vacuum” test facility described in ref. 18. The 
test procedure consisted in pressing together 
disk-shaped specimens in the 200° to 500° F 
temperature range and measuring the torque 
required to counterrotate specimens, both 
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while under load and after release of load. 
The shear stress was then calculated from the 
applied torque thus giving the corresponding 
frictional force and adhesional force, respec- 
tively. Adhesional forces were also measured 
following rotational loading. Representative data, 
including that for coated surfaces, obtained at 
300° F, at 5X 10~ 13 Torr, and for 100 psi loads 
are shown in table I. Comparative data at 760 
Torr are included where available. 

It is evident that substantial adhesional and 
frictional forces were generated even with hard 
materials. The vacuum environment increased 
adhesional forces having prior static loading by 
factors of 1.1 to 2.4, depending on material, as 
indicated. Vacuum adhesion under the same load- 
ing was also measured at 500° F. Forces, not 
shown in the table, were above 400 psi for softer 
materials such as copper and aluminum, reflect- 
ing large scale welding. 

The table shows adhesional forces to be con- 
siderably greater for specimens with prior 
rotational loading than those with prior static 
loading, as might be expected. No comparative 
data exist at atmospheric pressure. Frictional 
forces are seen to increase by a factor of about 
1.5 in vacuum for the three materials compared. 
The lowest frictional and adhesional forces are 
seen produced with molybdenum disulfide coated 
surfaces. This is in accordance with other 


studies of solid lubricants for vacuum bearing 
applications. 

CONCLUSIONS PERTINENT TO LUNAR 
MINING 

Some of the problems suggested by the 
three programs discussed include the following: 

(1) More energy may be required in fragment- 
ing solid rock into desired sizes. This is suggested 
by the larger mean particle sizes produced at 
4 X 10~ 9 Torr than at 760 Torr under otherwise 
equivalent conditions. 

(2) More time may be required in producing 
a given mean rock fragment size, for the same 
reasons as above. 

(3) Both more time and more energy may be 
required in producing fragmented rock below 
some particular size, e.g., if powders are needed, 
regardless of specific size desired below that 
value. This is indicated by the four-fold increase 
in powder produced at 760 Torr compared with 
that at 4X10” 9 Torr, independent of particle 
size. 

(4) The size distribution of fragmented rock 
may differ regardless of mean particle size. 

(5) Abrading devices used without fluids are 
likely to become more easily clogged, requiring 
frequent cleaning, as indicated in the abrasion 
sampling studies. 


Table I. — Frictional and Adhesional Forces in psi at 5X 10 13 Torr (V) and 760 

Torr (A) 


Material 

Adhesion stress 
after 100 psi 
static load 

Adhesion stress 
after 100 psi 
rotational load 

Friction stress 
under 100 psi 
load 

V 

A 

V 

A 

V 

A 

A1 

12 

10 

155 


>400 



28 

15 

141 


>400 


1 7-lPH et»inlpce 

31 

19 

46 


>400 

350 

4,4,0 — t «t a in 1 #=» 

16 

12 

172 


310 

250 

’T'n n cretin earhinp 

42 

19 

16 


78 

46 

A1 2 0 j 

12 


32 


450 



12 


12 


140 




VJoS* 
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10 


35 
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(6) All three studies indicate that several factors 
may combine to make metal adhesion to metal 
a serious problem in certain kinds of equip- 
ment: (a) the increased adhesion of materials 
observed in vacuum; (b) the increased heating 
in abrading, fast moving, or other friction generat- 
ing equipment, which results from a lack of 
convective cooling in vacuum; and (c) increased 
heating resulting from the effective dulling of 
abrading tools by powder clinging to the cutting 
edges. Such equipment may have to be limited 
to intermittant use to permit cooling. This would 
increase the time needed to perform certain 
tasks. 

It appears that some of the potential problems 
discussed might be overcome by the use of very 
low pressure atmospheres, e.g., some of the rock 
fragment sizing problems. Bernett (ref. 1) ob- 
served no increase in silicate adhesion at 10 -6 
Torr. This is a possible argument for mining 
underground where a light atmosphere could be 
more easily maintained. However, other adhe- 
sional problems may require much higher pres- 
sures, e.g., the clogging of grinding wheels which 
was observed even at 0.1 Torr. This adhesion 
appears to have been promoted by heating due 
to the lack of convective gas currents and is 
likely to be primarily limited to small, friction- 
generating tools, e.g., hand drills and saws, as 
well as grinding wheels. Pressures above about 
4 Torr may be sufficient for a gas pressure solu- 
tion to these problems; the swirling powders 
observed at this pressure attested to appreciable 
convective currents. Thus far the best solution 
to metal adhesion problems appears to be Mo S 2 
lubrication, the use of hard bearing surfaces 
where possible, and cooling methods. The desire- 
ability of simulation studies to assess directly 
the lunar mining and associated problems implied 
by the foregoing studies is indicated. 
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A Study of Friction and Adhesion in a 
Simulated Lunar Vacuum 


A series of experiments has been conducted to determine the problems of friction and adhesion 
in a simulated lunar environment. The tests were made in a vacuum of 10“ 10 and 10 11 Torr. 

The friction tests were conducted to determine the coefficient of friction between granular simu- 
lated lunar soils and metal test flats. The test flats were made of Steel AISI 1020 and Aluminum 7075. 
The granular soils were basalt and quartz in the size ranges 250 to 500 and 38- to 62-micron-diameter 
particles. The coefficient of friction for all samples was higher in vacuum than in air. 

Several types of granular simulated lunar soils in varying size ranges were used in the adhesion 
experiments. The test results indicate that some materials adhere readily while others do not, and that 
particle size and shape are influential in the adhesive strength of soils. 


This chapter relates the results of an experi- 
mental program conducted to determine the 
problems of friction and adhesion in a vacuum 
environment. 

The friction tests were designed to determine 
the coefficient of friction between granular simu- 
lated lunar soils and plates of engineering 
materials. The materials used were basalt, 
quartz, steel AISI 1020, and aluminum 7075. 

The adhesion tests were conducted using 
basalt, pumice, and serpentine soils of varying 
sizes. The soils were placed inside a 304 stainless- 
steel container for exposure to vacuum. This 
container was designed to allow various engineer- 
ing materials to be inserted to study the adhesion 
of the soils to these materials. The coefficient of 
friction investigations and analyses were con- 
ducted in part by the Grumman Aircraft Engin- 
eering Corporation under Contract NAS8- 
5415 with the George C. Marshall Space Flight 
Center. 

COEFFICIENT OF FRICTION 

Test Apparatus and Procedure 

The friction tests were conducted in an ion- 
pumped-vacuum system which was bakeable to 


250° C. A detailed description of the friction- 
measuring apparatus can be found in reference 
1. The test fixture was designed so that the test 
surfaces could be separated during pump-down 
and bakeout to allow outgassing of both surfaces. 
The surfaces were moved together before the 
rotation began and a normal load applied and 
held constant during the rotation of the metal 
disk. Separate heating elements permitted out- 
gassing of either the metal disk or the soil, or both 
specimens simultaneously. 

Quartz crystals from Hot Springs, Arkansas, 
and basalt from Somerset County, New Jersey, 
were crushed and sifted to obtain coarse particles 
ranging in diameter from 250 to 500 microns and 
fine particles ranging in diameter from 38 to 62 
microns. The test sample was placed in a con- 
tainer 6.0 cm in diameter and 1.9 cm deep with 
the upper edge bent outward to prevent friction 
between the outer rim of the disk and the powder. 
The weights of the granular specimens were 65.6g 
for the coarse and fine basalt and coarse quartz 
and 53. 6g for the fine quartz. 

The metal disks were machined from Alumi- 
num 7075 and Steel AISI 1020. The finished 
disks were 3.8 cm in diameter, with a cross- 


101 



102 extraterrestrial resources 


sectional thickness of 0.063 cm. The surface of 
each disk was polished to a finish of less than 
6 /x- in. The disk was rotated through a positive 
drive rotary seal by a motor located outside the 
vacuum chamber. 

A strain gauge balance was used to measure 
the axial and torsional forces. A diaphragm sec- 
tion above the center of the unit was instrumented 
to measure axial loads, and a thin-walled vertical 
cylindrical member instrumented to measure the 
torsional forces. Normal forces were measured 
by means of a two-active-arm bridge and torsional 
forces by means of a four-active-arm bridge. 

The vacuum system used for the friction test 
was designed for operation in the 10" 10 Torr 
range with the test fixture and sample inside the 
chamber. The chamber was rough-pumped with 
liquid-nitrogen-cooled sorption pumps and a 
Welch Turbo-Molecular pump. The fine pumping 
was accomplished by an ion pump and a titanium 
sublimation pump with a combined pumping 
speed of approximately 700 liters/sec. Finally, 
when the pressure approached the ultimate value, 
a helium cryopump was activated. The system, 
test fixture, and sample were baked during 
the pump-down cycle to outgas the various 
components. 

A new metal disk and granular sample were 
used in each test. Earlier tests indicated that the 
coefficient of friction increased with increased 
use of the two samples. The granular sample 
was placed in the container and positioned on 
the test fixture. A metal disk was positioned on 
the test fixture above the granular sample. If 
the test was to be a vacuum test, the two samples 
remained separated and the pumpdown started. 
The samples and system were baked during the 
pumpdown and allowed to cool to ambient 
temperature before conducting the test. The 
disk was loaded with a 1.13 kg weight and rotated 
at 3 rpm during all tests. The two surfaces were 
brought together before the rotation of the metal 
disk started. 

The output of the strain-gauge amplifier 
generally resulted in a high initial torque followed 
by a cyclic lower torque. The initial value was 
only slightly higher for the tests performed in 
air, and, in most instances, significantly higher 
for the tests performed in ultrahigh vacuum. 


Test Results 

Torque values representative of the initial 
condition and the continued rotation were read 
from the strip chart. The coefficient of friction 
was computed from these torque values by the 
formula: 

37 1 

^“2 WR 

where 

jx = coefficient of friction 
T = torque in inch-ounces 
W = load in ounces 
R = radius of disk in inches 
Two tests were performed for each combina- 
tion of metals and minerals (table I). The coef- 
ficient of friction was higher (both for the initial 
value and the dynamic value) in vacuum than in 
air. However, the increase was not as large as 
might be expected in the 10“ 10 Torr environment. 

ADHESION 

A series of tests has been conducted to deter- 
mine potential problems to be encountered in 
a lunar environment due to the adhesion of gran- 


Table I. — Average Coefficient of Friction Between 
Rotating Metal Disk and Mineral Powder 



ATM 

10~io 

Torr 


Mi* 

Me** 

Mi* 

Me** 

Aluminum 7075 on quartz 

.27 

.26 

.45 

.31 


.29 

.26 

.61 

.28 

Basalt 

pine 

.26 

.19 

.44 

.24 

Coarse 

.34 

.24 

.80 1 

.24 

Steel 1020 on quartz 

Pine 

.20 

.17 

.33 

.33 

Coarse 

.30 

.22 

.43 

.27 

Basalt 

Pine 

.23 

.18 

.33 

.27 

Coarse • . 

.27 

.20 

.49 

.26 







*/x, = initial value of coefficient of friction. 

dynamic value of coefficient of friction. 
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ular particles to the surface of engineering 
materials. Three simulated lunar soils were 
selected for use in the tests and several size 
ranges of the materials were used. 

Test Apparatus and Procedure 

The test apparatus consisted of a 304 stainless- 
steel drum, a variable speed motor, and a 
magnetic rotary seal. The drum was 25 cm long 
and 15 cm in diameter. The drum contained four 
slats 1.3 cm high, which extended the length of 
the drum. The slats were 90° apart and were re- 
movable to allow slats of various materials to 
be used. One end of the drum was closed by a 
plate containing fine mesh wire to allow gas to 
escape. The other end was closed by a glass 
window to allow viewing of the sample while 
the test was in progress. The drum was attached 
to a magnetic-coupled rotary seal mounted on a 
port of the vacuum chamber. The variable-speed 
motor was used to rotate the drum. The vacuum 
chamber was completely oil-free using sorption, 
ion, and titanium sublimation pumps in the stand- 
ard way to obtain the ultimate vacuum of 10“ 12 
Torr. The pump-down procedure included a bake- 
out of the chamber at 250° C. 

The test procedure consisted of crushing and 
sieving the sample to be used. After the sample 
had been sieved a specified amount, usually 
180g, it was weighed, placed in the drum, and 
baked at 250° C in an atmospheric oven for 4 
hours. The drum was transferred from the oven 
to the vacuum chamber while it was hot and 
pumped down as soon as possible. When the 
desired vacuum was obtained, the drum was 
rotated at 1 rpm until 100-percent adhesion oc- 
curred, or until it became obvious that complete 
adhesion would not occur. When all the 
particles would not adhere at the rotation rate 
of 1 rpm, the rate was accelerated to increase 
the force on the wall of the drum. The force on 
the surface of the drum is dependent on the 
rotation rate of the drum and the amount of 
material in the drum. 

Test Results 

The results of 16 tests are listed in table II, 
which shows that fine basalt particles adhere very 


quickly at a vacuum above 10~ 9 Torr. It also 
indicates that as the amount of sample is in- 
creased, or as the size is increased above 62 
microns, the ability of the soil to adhere decreases. 

As the drum rotated, the slats lifted the granu- 
lar soil toward the top of the drum and allowed 
it to fall and expose the individual grains to the 
vacuum. The soil usually began to adhere as the 
drum started to rotate and continued to build up 
first on the stainless steel and then to itself until 
all particles had adhered at which time the drum 
was stopped. 

In tests 10 and 11 the slats which were stainless 
steel in prior tests were changed to aluminum, 
copper, and Teflon. The adhesion to these mate- 
rials was about equal, however, with a slight 
increase around one of the aluminum slats. 

The initial tests (13 and 14) on pumice showed 
very weak adhesion forces. Additional tests 
determined that the pumice samples were almost 
impossible to outgas. However, when held under 
vacuum for a sufficient time, the pumice adhered 
as quickly as the basalt. 

A test was made on serpentine because of its 
high chemical water content. Despite its chemical 
composition, it behaved very similarly to the 
basalt. 

The experimental apparatus did not allow 
quantitative analysis of the adhesive forces to be 
made. However, from the experimental results 
and observations, it is concluded that although 
the soils do adhere to themselves as well as to 
engineering materials, the adhesive strength is 
weak. 

SUMMARY AND CONCLUSIONS 

The Surveyor program has confirmed that a 
portion of the lunar surface consists of fine-grain 
granular soil with an adhesive strength between 
10 and 100 dynes/cm 2 (ref. 2). Also, the experi- 
ments carried out in the laboratory and reported 
here indicate that the soils tested exhibit some 
adhesive strength in a vacuum environment. 

The coefficient of friction between the metal 
disks and the powder soils for all samples tested 
was higher in vacuum than air. In all tests the 
initial coefficient of friction was higher than the 
dynamic coefficient of friction. These values are 
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significantly different in vacuum. It is believed 
that the initial value of the coefficient of friction 
was high because of an adhesive bond between 
the metal disk and the granular sample. The co- 
efficient of friction between aluminum 7075 and 
the granular samples was higher in atmosphere 
than between steel 1020 and the granular samples. 
The coefficient of friction was greater between 
steel 1020 and the granular samples in a vacuum 
of 10“ 10 Torr than it was between aluminum 7075 
and the granular samples. The only exception was 
for one test on coarse quartz. 

The fine particles of basalt and serpentine 
adhered at a vacuum greater than 10“ 9 Torr. 
Only after prolonged exposure to vacuum did the 
pumice particles adhere. When the soil particle 
size was increased over 62-/x diameter, the adhe- 


sion decreased. The adhesion was similar for 
basalt to stainless steel, aluminum, copper, and 
Teflon. 

It is concluded from the test program that 
adhesion and friction problems do exist in a 
vacuum environment. However, the problems do 
not appear to be severe for the materials and 
vacuum used in the program. 
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Friction Tests in Simulated Lunar Vacuum 


This paper describes techniques being used by the U.S. Bureau of Mines at the Twin Cities 
Mining Research to perform friction testing of mineral materials in ultrahigh vacuum. Under the 
assumption that lunar surface materials may be completely degassed and atomically clean surface 
conditions may be encountered in breaking and handling these materials, an attempt is being made 
to provide information on frictional behavior of mineral surfaces under this “worst case” situation. 
Preliminary experiments show that ultrahigh vacuum environment produces substantial increases 
in the kinetic coefficients of friction for quartz surfaces. 


INTRODUCTION 

The U.S. Bureau of Mines is studying the prob- 
lems of using lunar surface materials under a 
contract funded by NASA’s Office of Advanced 
Research and Technology. The objective of the 
studies is to help provide basic scientific and 
engineering information about the use of extra- 
terrestrial mineral resources to support future 
manned space missions. The studies are being 
carried on as a series of coordinated research 
tasks at several different Bureau research centers 
(ref. 1). One of the studies, which is being per- 
formed in the Surface Properties Laboratory at 
the Bureau’s Twin Cities Mining Research Cen- 
ter, is concerned with the frictional behavior of 
rock surfaces in lunar vacuum environment. 

Since the exact surface states of rock on the 
Moon are not known, basic information on fric- 
tional behavior important to drilling, breaking, 
and handling lunar materials is needed over the 
range of possible conditions. If we assume the 
worst case for frictional behavior in the lunar 
environment, we must be prepared for the possi- 
bility that hundreds of millions of years of ex- 
posure to the hard vacuum, radiation, and particle 
bombardment of space may have produced a 
lunar surface that is totally outgassed to a con- 
siderable depth and rock surfaces that approach 
an atomically clean condition. Thus friction tests 


to simulate possible lunar situations must in- 
clude not only ultrahigh vacuum environment but 
also well degassed test materials and a suitable 
surface cleaning technique. 

LABORATORY SETUP 

Experimental equipment being used in the 
friction studies includes an ultrahigh vacuum 
(UHV) system capable of simulating the lunar 
vacuum, auxiliary measurement devices capable 
of accurately determining conditions in the sys- 
tem while experiments are underway, and an 
apparatus for use in the system to measure fric- 
tion between mineral and mineral-metal combina- 
tions. Also available for cooperative use in the 
studies are a 100-watt C0 2 laser and a scanning 
electron microscope (SEM). 

The UHV system is an ion-puinped system 
with sorption forepumps and a titanium sub- 
limator. It has a volume of 254 liters and a 
pumping speed of 400 liters per second at stand- 
ard temperature and pressure. The system can 
reach a pressure better than 5 X 10~ 12 Torr when 
baked, clean, and empty. Pressure gaging, in 
addition to the pump current, includes a Bayard- 
Alpert gage and a Kriesmann cold cathode gage. 
However, the most critical pressure instrumenta- 
tion is a quadrupole mass spectrometer with a 
bakeable head, a sensitivity of 1 X 10 -15 amp/Torr 
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for nitrogen, and a mass range from 1 to 500 amu, 
providing a rapid quantitative method of deter- 
mining conditions in the chamber. 

Figure 1 shows the UHV system in the Sur- 
face Properties Laboratory. Working space in 
the chamber is approximately 24 inches in 
height by 18 inches in diameter. Twelve ports 
are located on the circumference of the pump 
well for instrumentation or motion feedthroughs, 
and three ports are located on the chamber wall 
for viewing windows. Special windows with small 
germanium inserts capable of passing infrared 
radiation have been designed and constructed 
to permit visual and photographic observation 
simultaneously with use of the CCU laser shown 
in the figure. 



Figure 1. — Surface properties laboratory showing 1 HV 
system and C(U laser. 


Accessory equipment includes an oil diffusion 
pumped, liquid nitrogen cold trapped high 
vacuum system, capable of a pressure of 5 
X 10~ 8 Torr clean and empty, which is used for 
preliminary testing of techniques and devices 
designed for the UHV systems; a vacuum oven 
for specimen preconditioning; an ultrasonic 
vapor degreaser for cleaning components used 
in the vacuum systems; and a small bench-type 
spot welder for strain gage hookup. 

The laboratory area is isolated as far as pos- 
sible from extraneous contamination. A supple- 
mentary air conditioner and a continuously 
operating dehumidifier are used to help control 
the laboratory environment. The UHV system 


is not opened when the atmospheric water vapor 
content exceeds 6.8g per cubic meter. At 72° F 
this absolute water vapor content is approxi- 
mately 35 percent relative humidity. Temperature 
can be controlled at 72°±1.5°F. 

A simple friction apparatus has been developed 
for use in the UHV chamber to measure kinetic 
friction coefficients at various loads between 
mineral samples and a metal or mineral probe. 
The apparatus is shown in figure 2 installed in 
the open chamber. It has only two major parts, 
the sample holder driven by a bellows-sealed 
wobble type rotary feedthrough, and the instru- 
mented probe mounted on a ball screw driven by 
a second bellows-sealed rotary feedthrough. 
Normal load and rotational motion of the sample 
wheel are controlled independently from outside 
the chamber. Twelve samples 1.5 inches long, 
0.5 inch wide, and i inch thick can be mounted 
on the sample wheel. Thus a large number of 



FIGURE 2. — UHV system in surface properties laboratory 
with friction apparatus installed. 
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test data can be obtained without opening the 
chamber. 

Figure 3 shows a close view of the sample wheel 
and the probe assembly. The heart of the friction 
apparatus is the double bridge strain gage trans- 
ducer shown in an enlarged view in figure 4. It 
is made up of two full bridges mounted on double 
beams at 90° angles. The bottom bridge gives a 
continuous measure of normal load applied during 
the test and the top bridge gives a continuous 
measure of the tangential force. Checkout with 
deadweight loads showed that interference due 
to twisting or other distortion between the two 
bridges was an insignificant 0.12 percent. 

EXPERIMENTAL WORK 

Preliminary work included obtaining valid 
baseline data for the empty UHV system, finding 
out whether rock samples could be handled by 
the system while still maintaining UHV, estab- 



Figure 3. — Close view of sample wheel and force pickup 
probe on friction apparatus. 




/ 



Figure 4. — Enlarged view of force pickup probe. 


lishing sample preparation techniques compatible 
with system and test requirements, obtaining 
baseline data for various simulated lunar rocks, 
and acquiring outgassing data on these rocks. 
Careful sample preparation is crucial to any UHV 
tests. Samples are cut from the bulk and finished 
using only water as the cooling agent. When the 
samples are received in the laboratory they are 
placed in the vacuum oven at 130° C until the 
pressure falls to the ultimate of 5X1CU 3 Torr. 
Since water vapor is the main problem in any 
vacuum system, a major portion is excluded by 
filling the interstices of the samples with a dry 
gas. The samples are then transferred to a desic- 
cator where they are stored until used. 

Preliminary to friction measurements in vac- 
uum, a considerable effort has been devoted to 
the measurement of the outgassing properties of 
several simulated lunar rocks. Outgassing, or the 
release of gases from a solid specimen into a 
vacuum chamber, can have a strong influence on 


110 EXTRATERRESTRIAL RESOURCES 


property measurements or behavioral studies. 
Also, outgassing of the test specimen imposes an 
additional load on the vacuum pump and length- 
ens the time required for the system to reach its 
ultimate pressure. In preparing to test rock speci- 
mens in vacuum, their outgassing characteristics 
need to be known so that it is possible to estimate 
the pressures that can be attained, the limitations 
on sample size, and the time required to pump 
the samples to an acceptable condition of steady- 
state pressure. 

Results of the outgassing studies have been 
presented previously (ref. 2). They showed 
considerable difference in the behavior of the 
various rocks as demonstrated in table I, which 
represents data on 1-inch samples with bakeout 
temperatures no greater than 130° C. The 
pumice and tuff, having a high surface area and 
a porous texture, released a significant quantity 
of gas, but did so quite readily. In contrast the 
denser, more compact basalt released its ad- 
sorbed gases relatively slowly and reached 
steady-state pressure approximately one decade 
higher than the tuff. Dacite exhibited still another 
type of behavior. Virtually no additional pumping 
load was added to the chamber. The ultimate 
pressure was slightly lower than the tuff and 
almost equal to that of the empty chamber. 


TABLE I.— Outgassing of Simulated Lunar 
Rocks in Ultrahigh Vacuum 


Sample 

Pressure at 
14 hrs 
(10- 10 Torr) 

Net outgassing 
rate at 14 hrs 
(10- 12 Torr 
liter/sec) 


1.5 




2.0 

nil 

Pumice 

2.5 

2.0 

Tuff 

4.5 

8.0 

Serpentinite 

7.0 

8.0 

Basalt 

25 

100 

CrranoHh'ritf 1 

30 

250 





Two additional long-term outgassing studies 
have been performed. The first of these studies 
was done to determine whether a 1-inch cube of 
basalt could be brought to equilibrium at a 
pressure below the 10“ 9 Torr range. Six weeks 


of baking and pumping on the 1-inch cube of 
basalt did bring it to equilibrium in the 10 -12 
Torr range. It therefore seems feasible to con- 
duct experiments on larger basalt samples in 
a simulated lunar environment if sufficient pump- 
down time is available. The second long-term 
study was done on a 4-inch cube of dacite. The 
dacite outgassed readily as was expected, and 
in 1 week the chamber was in the mid-10 -12 
Torr range. 

Several dozen friction tests of mineral-metal 
pairs have been conducted to establish opera- 
tional characteristics of the friction apparatus 
and sensing equipment. The mineral used has 
been unoriented polycrystalline quartz while 
the friction probe has been 0.0635-inch (No. 
52) carbide drill stock. The test surface of the 
quartz has been prepared with a 25-micrometer 
finishing material. The probes used have hemi- 
spherical tips with a radius one-half the diameter 
of the drill stock. The shape of the friction probe 
tip will allow an apparent area of real contact 
to be obtained by measuring the track widths 
with the SEM which, in turn, will allow a calcula- 
tion of shear strength of the material at the 
sliding interface (refs. 3 to 5). 

Tests have been conducted under four environ- 
mental conditions: ultrahigh vacuum cleaned, 
ultrahigh vacuum uncleaned, dry atmosphere, 
and normal (room) atmosphere. The results (see 
table II) show an increasing coefficient of friction 
as the environment changes from normal atmos- 
phere through dry atmosphere to ultrahigh 
vacuum. Surface cleaning of the samples under 
light load (lOg) resulted in a marked increase in 
friction coefficient. 


Table II. — Kinetic Coefficients of Friction 
Between Quartz and Tungsten Carbide 


Conditions 

Normal load, g 

10 

50 

100 

150 

Ultrahigh vacuum cleaned 

0.50 

(*) 

0.42 

n 

Ultrahigh vacuum uncleaned 

.33 

0.34 

.41 

0.42 

Dry atmosphere 

.31 

.25 

.32 

(*> 

Normal atmosphere 

.20 

.23 

.26 

.27 


*Data incomplete. 
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Work on preparing surfaces that approach 
atomically clean surface conditions is continuing. 
Several cleaning techniques were considered 
including high temperature baking, plasma or 
ion bombardment, sputtering, electron beam, 
cleavage, and wire brushing. None of these tech- 
niques provides a suitable surface for friction 
studies of the type planned. On the basis of 
literature study (refs. 6 to 9) the best choice for 
our study seemed to be a C0 2 laser emitting at 
10.6 micrometers with a maximum 100-watt 
multimode CW output. 

The laser energy must be presented to the 
sample surface in such a manner that it cleans 
without melting or damaging the surface. With 
a laser input to the surface of milliseconds dura- 
tion and of sufficient intensity to raise the surface 
temperature hundreds of degrees Centigrade for 
this short duration, it appears to be possible to 
clean the surface without physical damage. 
Cleaning effectiveness is evaluated by monitoring 
the background species in the system with the 
quadrupole mass spectrometer and by examining 
the surface with the SEM after the sample is 
removed from the chamber. The area cleaned 
must be large enough to prevent surface migra- 
tion from the uncleaned surface but not so large 
that the bulk of the material cannot act as a heat 
sink efficient enough to return the sample to the 
ambient temperature within milliseconds. Fur- 
thermore, the laser must be aligned on the sample 
in such a manner that for the given test velocity 
the sample is cleaned far enough from the probe 
to cool but not so far as to allow recontamination 
before the test. Precise alignment control and 
exact measurement of surface temperatures will 
require a high quality radiometer which is ex- 
pected to be available in the near future. 

The SEM will be used to evaluate surfaces of 


minerals before and after irradiation with the C0 2 
laser and after the friction tests have been run. 
This work will provide data for correlations be- 
tween beam energy, mass spectrometer data on 
degassing of the surface during irradiation, sur- 
face damage, if any, caused by the laser beam, 
and surface damage due to the friction probe. In 
addition to identifying the area of real contact 
and measuring the shear strength of the material, 
the SEM analysis will also provide information on 
cracking, surface fragmentation, plastic flow, and 
interfacial adhesion. 

REFERENCES 

1. Atchison, T. C.; and Schultz, C. W.: Bureau of Mines 

Research on Lunar Resource Utilization. Proe. of the 
Sixth Annual Meeting of the Working Group on Extra- 
terrestrial Resources, NASA SP-177, 1968, pp. 65-74. 

2. Roepke, W. W.; and Schultz, C. W.: Mass Spectrometer 

Studies of Outgassing from Simulated Lunar Materials 
in Ultrahigh Vacuum. Fourteenth National Symposium 
of the American Vacuum Society, Oct. 1967. 

3. Braith WAITE, E. R.: Solid Lubricants and Surfaces. 

MacMillan Co., 1964, pp. 1-28. 

4. Bowden, F. P.; and Tabor, D.: Friction and Lubrication of 

Solids. Clarendon Press, pt. 1, 1958, pp. 1-24, 104-111; 
pt. 2, 1964, pp. 52-107, 159-212. 

5. Bowden, F. P.; and Tabor, D.: Friction and Lubrication. 

Methuen and Co., Ltd., 1967, pp. 1-82. 

6. Redhead, P. A.; Hobson, J. P.; and Kornelson, E. V.: 

The Physical Basis of Ultrahigh Vacuum. Chapman and 
Hall, 1968, pp. 37-87, 239-242. 

7. Farkass, L: Problems of Producing a Clean Surface by 

Outgassing in Ultrahigh Vacuum — Fundamental Phe- 
nomena in the Material Sciences. Proc. of the Second 
Symposium on Fundamental Phenomena in the Material 
Sciences, vol. 2, 1966. 

8. Levine, L. P.; Ready, J. F.; and Bernal, E.: Laser 

Bombardment Effects on Vacuum Surfaces. Research 
and Development, Dec. 1965. 

9. Levine, L. P.; Ready, J. F.; and Bernal, E.: Gas Desorp- 

tion Produced by a Giant Pulse Laser. J. Appl. Phys., 
vol 38, No. 1, Jan. 1967, pp. 331-336. 



J. A. RYAN and J. J. GROSSMAN 
Space Sciences Department 
McDonnell Douglas Astronautics Company 
Santa Monica , Calif, 


Comments on Lunar Surface Adhesion 


Considerable interest in the ultrahigh vacuum 
adhesion of dielectrics has been generated in 
recent years because of the fear that adhesion of 
lunar materials may pose problems to lunar 
missions. This has resulted in various experi- 
mental studies which have shown that dielectrics, 
specifically silicates, do indeed adhere to each 
other, and to other materials, at equivalent lunar 
vacuum. Much of this work has been summarized 
by Ryan (ref. 1), Ryan et al. (ref. 2), and Grossman 
(ref. 3). 

The Surveyor and Apollo lunar missions have 
verified that the lunar materials adhere. This 
adhesion has been likened in strength to that of 
damp sand (ref. 4). The success of Apollo 11 has 
demonstrated that this relatively weak adhesion 
does not pose serious problems to lunar missions, 
at least for those where the tasks performed 
are similar to those performed to date. The pur- 
pose of this chapter is to point out that under 
certain conditions adhesion could cause serious 
problems and, hence, that it is unwise to become 
complacent about the matter. Before discussing 
the conditions under which adhesion could be a 
problem, it is worth considering how the early 
laboratory findings compare with the Surveyor 
findings. This is important since it will indicate 
the degree to which terrestrially obtained data 
can actually predict lunar behavior, and we will 
be using recently obtained terrestrial data to 
predict potential lunar adhesional problems. In 
making this comparison, we take the rather paro- 
chial approach of using almost solely our own 
experimental data, with due apologies to other 
investigators. 

A few years back we studied the adhesion, in 
ultrahigh vacuum, between silicate disks (ap- 
parent contact area of 0.3 cm) after touch 


contact, and after the application of a load force 
(ref. 1). The contact faces were fabricated in 
air and then chemically etched. The resultant 
surface roughness was between 3 to 6 microns 
peak-to-peak. Adhesion forces after touch con- 
tact were typically in the range of I dyne. 
(Actually the weight, « 20 gm, of the upper sam- 
ple and support was applied to the interface.) 
Surveyor found soil adhesion (cohesion) in the 
range of 7 X 10 2 to 1.2 X 10 4 dynes cm~ 2 . Our 
results cannot be precisely compared to the 
Surveyor results, but there are several ways in 
which we can obtain indications as to whether 
there are any obvious discrepancies between 
the two sets of data. The simplest way is to as- 
sume (rather naively) that our rough surfaces 
were equivalent to two layers of granular ma- 
terial in contact. With this assumption, we find 
that the touch contact lunar soil cohesion would 
be about 3 dynes cm -2 . This value is lower than 
the Surveyor values, but this is not unexpected 
since it is not necessary for more than three 
asperities to be in contact, for the disks. A more 
realistic assumption would be to assume that 
each grain of our hypothetical lunar soil touches 
an overlaying grain at a single point, structural 
stability coming from adjacent grains, and, hence, 
that the adhesion between each grain pair is 
about one-third that between the disks. Sur- 
veyor has indicated that the bulk of the lunar 
soil grains have diameters in the range 2 to 60 
microns. If we assume that the basic soil matrix 
is supported primarily by the 60-micron grains, 
in a cubic packing, then the soil cohesion would 
be ~3X 10 4 dynes cm 2 . If the matrix is sup- 
ported primarily by the 30-micron particles, the 
soil cohesion would be ~ 10 5 dynes cm -2 . These 
values are somewhat higher than the Surveyor 
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values but represent upper bounds in the sense 
that the lunar soil porosity appears to be higher 
than that of a cubic packing and a relatively wide 
range of grain sizes is present. Both factors would 
tend to cause significant decreases in the co- 
hesion magnitude. We have tried several other 
ways of comparing the data, such as load force 
effects, and in all cases the results indicate 
compatibility. (The reader may find it interest- 
ing to try his own approaches.) In addition, 
Salisbury et al. (ref. 5) estimated adhesion forces 
between 5-micron particles as being ~ 2-3 X 10 -4 
dyne. In a cubic packing this would result in a 
soil cohesion of 0.8-1. 2 X 10 3 dynes cm -2 . Also 
Stein and Johnson (ref. 6) estimated the adhesion 
between 140-micron particles as being 3 X 10“ 2 
dynes, which for a cubic packing would give a 
soil adhesion of 1.5 X 10 2 dynes cm -2 . It thus 
appears that the early terrestrial experiments 
are consistent with the findings of Surveyor. It 
should be noted that in all these early studies the 
contacting surfaces were contaminated by the 
presence of adsorbed gases. If we assume that 
the lunar and terrestrial data are indeed com- 
patible, this would imply that the lunar surfaces 
are also contaminated to a degree, this con- 
tamination having been either present prior to 
the landings or produced by the landings. How- 
ever, as will be seen below, it may be possible 
to have the same cohesion magnitude even if 
the surfaces are ultraclean. 

Our recent work has consisted of cleaving and 
fracturing various silicates at ultrahigh vacuum 
(refs. 2 and 3), the purpose being to produce 
ultraclean surfaces. In doing this we found that 
the adhesion forces after touch contact were 
much larger (up to 2 X 10 4 dynes); that consider- 
able surface charging was produced (greater than 
10 e.s.u. cm" 2 ); that the silicates would adhere 
strongly to any metal in the vicinity, generally 
without any indications of discharge; that the 
charge persisted for months; that it maintained 
itself up to system pressures of 10~ 2 Torr; and 
that, due to the long range nature of the forces, 
removing the silicate samples from the metal 
surface was much like trying to remove iron 
filings from a magnet. Let us consider what these 
findings indicate concerning potential adhesion 
problems. 

First, the adhesion magnitude of the clean sur- 


faces is relatively large — large enough to support 
the sample weight. The question arises as to how 
large a silicate block could be supported. We have 
found that the charge distribution consists of a 
mosaic of positive and negative charge patches 
over the crystal face and that the distribution of 
these is related to the dislocation densities and 
locations. One would expect the lunar material to 
have greater dislocation densities than the ter- 
restrial material due to its exposure to a shock 
and radiation environment and, hence, exhibit 
larger adhesion than the terrestrial samples. But 
let us disregard this aspect. 

Due to this mosaic distribution, it appears 
reasonable to assume that the adhesion force is 
proportional to the contact area. (Note that due to 
the long range nature of the forces, intimate 
contact is not required.) This adhesion will be 
most effective when the silicate is in contact with 
a conductive surface, since the electron mobility 
in the conductor will allow equal and opposite 
charge patches to be generated on the conductor 
surface. With the above assumptions, we can 
determine the largest silicate block that can 
remain attached to the underside of a large metal 
plate. The result, using the highest adhesion 
force we ever measured as a basis of calculation, 
is that a silicate block 7 meters thick could be so 
supported. Even if such a block were in the form 
of a cube, it would, under lunar gravity, weigh 
several tons. For typically observed adhesion 
forces (charge densities), a 2-meter thick block 
could be supported. Obviously one can argue that 
adherence of such large blocks is extremely 
unlikely because (1) the rougher the block surface 
the less the effective adhesion force, and (2) we 
have no experimental data to justify the assump- 
tion of proportionality between adhesion force (or 
electrical charge) and surface area (though on 
the face of it the assumption is not unreasonable). 
However, the main purpose of the calculation is 
to indicate that it is possible that massive adhe- 
sion could be produced if rocks and other debris 
are fractured or cleaved at the lunar surface. 

Second, the charging produces a long-range 
attractive force. As a result, we have found it 
quite difficult to remove silicate fragments that 
have adhered to metal components. The chips 
can be pushed around and sometimes shaken 
loose, but they exhibit the frustrating behavior of 
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jumping back much like iron filings in the vicinity 
of a magnet (as noted earlier). It does not take 
much imagination to visualize the problems this 
behavior could cause. 

Third, we noted that the charge persisted for 
several months. To this might be added the com- 
ment that at the end of this period the charge was 
still present, the runs being terminated simply 
because we became tired of waiting for some- 
thing to happen, and in any case the system was 
needed for other related experiments. Although 
the charge did not disappear over this time period, 
it is reasonable to assume that it eventually would 
since silicates do have a finite, though small, 
electrical conductivity. One would also expect 
that on the Moon the charge would be neutralized 
more quickly, perhaps on the order of a few tens 
of hours during a lunar day, due to the action of 
the solar wind and solar ultraviolet. However, 
this possibly shortened lunar survival time is 
not sufficient to negate the potential problems, 
particularly if the surface to which the fragment 
is adhering provides shielding against the solar 
radiations. 

Fourth, one might argue that the gaseous con- 
tamination from the landed vehicle and astronauts 
would quickly neutralize the charge. This would 
be true provided that the gas pressure in the 
vicinity of the fragment is at least « 10~ 2 Torr, 
since we have found that the charge maintains 
itself over long periods of time at all pressures 
below this (10 -2 Torr represents the minimum 
pressure in the experiments at which the critical 
Paschen voltage was reached, permitting plasma 
breakdown; adsorption of gases on the surface at 
lower pressures appeared to have relatively little 
effect on the charge magnitude.) 

Finally it should be noted in passing that the 
large adhesion is produced primarily, if not 
entirely, by the electrical charging. It may be 
that when the charge is neutralized by electrical 
conduction, the resultant clean surface adhesion 
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will be comparable to that found for contaminated 
surfaces. Hence the Surveyor and Apollo 11 
findings do not prove conclusively that the lunar 
surface material is contaminated. 

In summary. Surveyor and Apollo 11 have 
shown that, under the conditions of the missions, 
adhesion posed no problems. However, it is 
unwise to assume that this will be universally 
true, particularly if future missions involve frac- 
ture or cleavage of lunar material at the lunar 
surface. 

As a final note, we are at present completing 
preparations for receipt of Apollo 11 lunar ma- 
terial. If a portion of this material is suitable, we 
plan to perform cleavage and/or fracture experi- 
ments upon it in ultrahigh vacuum. The results 
of these studies may confirm some of the predic- 
tions made in this chapter. 
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Explosives and the Lunar Environment 


A number of potential uses for explosives 
exist in the post-Apollo exploration of the Moon. 
These include geological and geophysical explora- 
tion, construction of base camps and roads, and 
mining operations. 

Both conventional high explosives and/or 
nuclear explosives may find applications. The 
possible uses and associated problems are 
presented in the following discussion. 

HIGH EXPLOSIVES 

The use of high explosives will be dependent 
to a large extent on two principal factors: 

(1) Cost involved with the manufacturing, 
shipping, storage, and use 

(2) Development of explosives that will be 
stable in the lunar environment 

With regard to the hostile environment, the 
most suitable high explosive would be a blasting 
agent of rather high detonation velocity and high 
density. Such an explosive could be transported 
and stored as non-explosive components and then 
mixed just prior to use. This would allow for the 
greatest safety margin. 

If a blasting agent cannot be developed for 
lunar use, other types of explosives will have 
to be packed in special containers that will 
protect them from the lunar environment, but 
not hinder their action during use. 

The possible uses of high explosives include: 

(1) Seismic exploration work 

(a) Geologic 

(b) Geophysical 

(2) Lunar base construction 

(a) Rock excavation 

(b) Boulder fragmentation 

(3) Lunar mining 

(a) Drilling 

(b) Tunneling 

(c) Open cuts 


In general the applications would be similar to 
those in Earth-bound operations; however, due 
to the high cost of equipment and labor, relatively 
more explosives may be used. Two uses that may 
find lunar application to a greater extent than on 
Earth are explosive casting and shape charge 
drilling. 

The throw-in blasting is directly proportional 
to the excess charge of the round (i.e., that por- 
tion of the charge in excess of that required to 
fragment; see fig. 1). Langefors and Kihlstrom 
(ref. 1) have presented data which show the re- 
lationship between throw and excess charge to 
be constant. If throw can be assumed to increase 
with a decrease in gravity, it is readily apparent 
that lunar material could be easily thrown with 
explosives for mining or construction purposes, 
thus reducing the need for some equipment and 
labor. 

The principal disadvantage of using explosives 
for casting and other purposes may possibly be 
the ejection of small fragments into low lunar 
orbit, which creates an additional hazard to 
explorers and their equipment. In some cases, 

/ 



Figure 1. — Throw distance as a function of excess explosive 
charge. 
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this hazard may be overcome by using some type 
of blasting mat. 

Lined-cavity shaped charges have a great 
potential use as a means of drilling shallow holes 
(15 to 25 in.) in lunar rock (ref. 2). Such holes 
could be used for the location of anchor pins for 
structures and equipment, as well as for the 
placement of explosives for mining or construc- 
tion. Another potential use could be the fragmen- 
tation of surface boulders that might present an 
obstacle to base camp construction, or the 
movement of mobile exploration equipment. In 
the event the lunar surface is covered with a 
layer of dust or fine fragments, shaped charges 
could be used to clean the surface for building 
sites, geological exploration, or drilling. 

The main advantage of using shaped charges 
are their compactness and simplicity of opera- 
tion as compared to drilling machines considering 
the environment in which they will be used. The 
main disadvantage of shaped charges is that they 
can only be used once. The weight of a shaped 
charge necessary to drill a 2-ft hole is approxi- 
mately 4 pounds. 

NUCLEAR EXPLOSIVES 

The possible application of nuclear explosives 
will probably be limited to: geophysical investi- 
gations, stripping overburden, and in situ 
fragmentation of rock and ore. 

The use of nuclear explosives for generating 
seismic signals for study of the lunar interior is 
very promising for the geophysicist and most 
likely will be used in the future if nuclear ex- 
plosives are not banned from the lunar surface 
by treaty. 

The results of tests conducted in Operation 
Plowshare under the auspices of the AEC have 
proven the technical feasibility of excavation by 
cratering and in situ fragmentation utilizing 


nuclear explosives (ref. 3). The economics 
remain to be proved; however, for lunar opera- 
tions, it may well be justified. 

The use of nuclear explosives for surface 
excavation has two big disadvantages: (1) the 
possible radioactive contamination of the lunar 
environment and (2) the ejection of large volumes 
of material into lunar orbit. These factors may 
prevent this use. 

The use of contained nuclear explosives to 
fragment large volumes of rock is very promising. 
In this case the radioactivity is contained in a 
small amount of rock and the environment is not 
contaminated. This method can be used either 
for fragmenting rock for surface mining or under- 
ground mining. 

The main disadvantage for nuclear excavation 
is the large amount of material involved. Thus the 
use of these explosives may have to wait until 
the demands of a lunar base grow to justify large 
mining operations. 

SUMMARY 

It is hoped that this presentation will stimulate 
discussions on the uses of explosives in lunar 
exploration. The author holds the opinion that 
early explosive uses will be limited to small 
shaped charges as aids in limited excavation or 
construction projects. Also, small nuclear de- 
vices may be detonated for geophysical research. 
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Early Water Mining on the Moon 


INTRODUCTION 

Apollo and the earlier post- Apollo landings will 
make use exclusively of water, fuel, and oxygen 
from the Earth. Even if easily accessible lunar 
free water (ice) is discovered very early, some 
auxiliary equipment must be landed and proved 
before its utilization is possible. If lunar water 
is found only in combined form, or in very small 
quantities (1 percent by weight, or less) as 
permafrost or fracture fillings, its utilization will 
be further delayed. Water regenerative systems 
probably will be in use in post-Apollo expedi- 
tions. These systems may also be capable of 
assimilating and processing any easily accessible 
free ice. Such ice probably could be gathered 
during the lunar night and delivered to the 
system under conditions permitting little evapora- 
tion. Chemically combined forms of water and 
low grade permafrost, however, will require 
specially designed water processing equipment. 
If water is found no closer to the lunar surface 
than 1 meter, no matter what its form, some type 
of “mining” will be required to produce the 
“ore.” In the absence of water, oxygen must be 
extracted from the lunar rock by complex, high 
energy methods. 

Paul (ref. 1) has estimated the water require- 
ments for lunar expeditions from 1976 to 1985. 
He states that . . it is difficult to postulate 
large demands for liquid oxygen on the basis of 
life support or mobility system requirements; it 
is necessary, therefore, to conceive a crew trans- 
portation system which can utilize lunar pro- 
duced propellants for the return trip to earth.” 
Most of the oxygen demand shown in table I, 
from Paul, therefore, represents fuel for Earth 
return trips and not for life support. 

A study of lunar surface mining has been made, 
based upon the rather large quantities of liquid 
oxygen needed in 1982 (refs. 2 to 7). A number of 


other studies (refs. 8 and 9) have presented 
elaborate, indirect, Frasch-type systems, also 
suitable for meeting high oxygen demands. It 
is proposed, in this study, to consider possible 
methods or systems that can be applied to earlier 
and smaller oxygen demands, to intermittent or 
part-time operation requiring primitive support 
facilities. Support facilities probably will be 
limited to small or intermittent power supply; 
limited, probably single-vehicle transportation; 
and primitive or non-existent maintenance shops. 
In addition, mining operations may be carried 
out by astronauts rather than by specially 
trained crews. 

GENERAL AND ENVIRONMENTAL 
CONSIDERATIONS 

It is proposed to assume the existence of a 
deposit or deposits of water, hydrous or oxygen- 
bearing mineral, reasonably close to suitable 
lunar landing sites and to consider only the 
problems of mining it. Because mining equipment 
and methods are largely determined by the nature 
of the mineral deposit, either (1) a single deposit 
or a group of deposits must be defined for 
application of mining equipment and methods 
or (2) a range of mining methods and equip- 
ment must be investigated, sufficiently broad for 
potential application to any and all conceivable 
lunar water deposits with limitations only as to 
depth or grade. This chapter contemplates the 
latter approach. 

To study the problems that may be encountered 
in mining and in transportation connected there- 
with, not only must the nature and type of 
mineral deposit be investigated but every aspect 
of the environment should also be evaluated. 
Thus the nature of the terrain, of the surface 
materials, and of sub-surface materials including 
volatiles must be approximated as closely as 
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possible. Conditions of temperature, pressure, 
lighting, high energy flux, particle flux, gravita- 
tional and magnetic field strengths and varia- 
tions and other environmental factors should 
be considered. Problems of energy supply, 
lubrication, general maintenance and other 
engineering and logistics factors are also in- 
volved. Before mining methods can be selected 
and equipment designed, all these factors and 
perhaps others must be evaluated, specifically 
or within limits, and their relative influences on 
the mining operation itself must be estimated. 
Finally early mining must be done by non- 
specialists who also attend to other tasks and 
methods cannot be too complex and controls 
should be highly automated. 

Earlier studies of lunar mining and surface 
transportation had to be almost entirely specula- 
tive with regard to the composition, size consist, 
size distribution, structure, mechanical proper- 
ties, and some other properties of the lunar 
surface and shallow subsurface. Almost every- 
thing that was known about the lunar surface 
was deduced from photometric studies. These 
were averages over relatively large areas and 
possibly represented only a millimeter or so of 
material, in depth. 

Appendix A presents a summary of measure- 
ments or estimates of many lunar environmental 
factors. Some of these are pre-Surveyor values 


but have been generally confirmed. Others are 
estimates neither confirmed nor disproved by later 
information. A few are still highly problematical, 
and some were compiled 3 or 4 years ago (ref. 2) 
and may not represent the best present estimates. 

Particularly scarce is “solid’’ information re- 
garding the lunar subsurface below 10 meters. It 
apparently is firmer and coarser than the surface 
“regolith” (ref. 10), but may not be solid in the 
sense that solid rock is spoken of in Earth mining. 

With customary reluctance to “stick my neck 
out,” especially when a lunar landing is imminent, 

I will nevertheless suggest that it is doubtful 
“solid” rock will be encountered by any of the 
mining methods discussed here. From the fine- 
grained regolith encountered at all Surveyor sites, 
downward, the material probably consists of fine 
grains; fine grains mixed with fragments; blocky 
material further down and finally, highly fractured 
rock. 

In the highlands, particularly, aeons of impacts 
have probably broken the “crust badly, to 
hundreds of meters in depth. Indeed, most super- 
ficial “strata” are probably lenticular masses of 
fragments covered by still younger fragmental 
lenses. If shallow masses of lava, intruded or 
extruded, have been emplaced, these too have 
been broken in the same way, unless very recent 
in age. On the maria where impacts have appar- 
ently been less frequent, presumably because of 
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a younger age, the condition may be somewhat 
different. Lava beds or intrusions may be less 
severely broken up but if surface lavas are slightly 
distended and brittle or glass-like, after extrusion, 
they are likely to be badly fractured also, to con- 
siderable depth. Lava intrusions that cooled 
under the surface may come the nearest to rep- 
resenting true solid rock of any conceivable 
lithologic units. Certainly, if the maria are largely 
flows of fluidized fragments, as has been sug- 
gested (ref. 11), the material is, by definition, 
fragmental in nature. However, it is possible that 
fragmental material may be partly recemented 
at depth. 

It has been suggested that the observed rela- 
tive darkness of partly buried material (underside 
of fragments, for example), may be due to deposi- 
tion of some strange “varnish,” presumably from 
deeper under the surface (ref. 10). At moderate 
and great depths this same or other material may 
also produce a cementing effect, so that the near- 
est analogue to lunar solid rock, on earth, may be 
a conglomerate or cemented breccia. Cemented 
breccias and conglomerates may be, and prob- 
ably have been, rebroken by subsequent high 
energy impacts, recemented, and again broken 
through several cycles. 

All production of very fine particles in the lunar 
upper layers may not have resulted from direct 
crushing by micrometeorite impact. High energy 
shock waves, transmitted through fragmental 
material, should cause relative particle and block 
movement which, in turn, should produce some 
attrition breaking. The effect should be some- 
thing like “autogenous” grinding of ores from 
slow tumbling. While high energy impact shock 
waves should be attenuated rapidly, especially 
horizontally, and each shock may produce only 
a small quantity of such attritus, many repetitions 
could produce considerable amounts of very 
fine-grained material. This material might even 
move downward due to “trickle stratification” 
(ref. 12). 

In summary, shallow drilling and mining 
probably will encounter only fine to blocky 
material of quite small grain size. This condition 
may thwart our ambitions for obtaining pure, 
unmixed “moon rock” samples, particularly in 
the highlands, until deep into the post-Apollo era. 


MINING BY DRILLING 

Probably the first mining-type operation to be 
performed on the Moon will be drilling. As we 
have learned, design and testing of 10-foot and 
of 100-foot drills is well advanced. 

On Earth, drilling is thought of as an explora- 
tory and not a production operation, except 
when it is done for the emplacement of explo- 
sives. However, as drill holes penetrate ore and 
produce cores and/or cuttings, small quantities 
of ore can also be produced on proving water- 
bearing ores by drilling -and it is probable that 
water deposits will be proved, if not discovered, 
this way — drilling equipment will be available 
for production of some ore if this is deemed 
more desirable at the time than continuous drill- 
ing for discovery. 

In addition to the ready availability of equip- 
ment, ore production by drilling has two advan- 
tages: (1) Some ore is produced from the very 
first hole reaching the orebody and from every 
hole penetrating it; (2) exploration and mining 
may be combined sequentially, using the same 
equipment. The most obvious disadvantage is 
that production will be very small and thus most 
inefficient by Earth standards. Actually over- 
burden/ore ratios are the same as in strip 
mining. For example, removal of 1 foot of ore 
from a 31-foot hole gives a 30:1 volumetric 
overburden/ore ratio. Strip mining a 1-foot bed 
with 30 feet of overburden gives the same ratio. 

Ore capacity per hole can be greatly increased 
by reaming or chambering the portion of the hole 
penetrating the ore zone. Replacement of the 
drilling bit by a reaming tool will require a design 
of the latter that enables cuttings removal to 
continue. If chambering of the hole with explo- 
sives is done, a fragment-removal tool of some 
sort must still be run into the hole as an additional 
operation. 

The quantity of ore that can be recovered, per 
hole, from a 1-foot thick ore zone by a 3-inch hole 
is only Vi6 that for the same hole reamed to 1-foot 
diameter. It is probable that hole enlargement 
beyond a few diameters may result in caving and 
resulting dilution of ore. To avoid hole collapse, 
surface spacing must exceed reaming diameter 
by a few inches. 

On Earth, large diameter holes often are drilled. 
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not to produce ore, but to obtain large samples or 
to allow manned access for examination of the 
hole walls- In hard rocks, the method used to 
drill holes up to 6 feet in diameter is chilled shot 
or “calyx” drilling system (ref. 13). 

In soft material, some type of auger or rotary 
bucket drill is used. Either system, on the Moon, 
would allow the extraction of much more material 
per hole but would, at the same time, necessitate 
the expenditure of more energy in removal and 
disposal of larger quantities of overburden. 

The calyx drill can extract cores from “solid” 
rock but all auger products are soil-like or frag- 
mental. The presence of boulders too large to 
pass through the auger flights will greatly inhibit 
or preclude the use of that method. Chilled shot 
drills probably will not work well in fragmental or 
brecciated material. Core removal will be difficult 
or impossible, and shot consumption through loss 
in cracks at the hole boundaries may be excessive. 

Of the two systems, augering probably will 
prove superior, if usable. It is simpler mechani- 
cally and may be used for vertical, inclined, or 
horizontal holes. On Earth, calyx drill holes must 
be inclined at less than 35° from the vertical to 
prevent collection of the shot on one side of the 
hole; on the Moon, slightly greater inclination 
may be possible due to the lower gravity, but 
nothing like a low angle inclined or a horizontal 
hole will be possible. 

Trenching tests by the SMSS attached to 
Surveyors III and VII indicate that holes in the 
regolith blanket should stand readily without 
caving. There is no reason to expect any less 
self-support from the lower, presumably more 
blocky, zones. Use of fluidless, mechanical chip 
removal systems are contemplated (ref. 14). A 
fluid cuttings removal system or the intersection 
of gaseous zones in the hole probably would 
result in caving and thus eventually require 
casing the hole. Any casing requirements will 
greatly increase the cost of drilling holes even if 
casing is recovered and reused. Prefabricated, 
light-weight plastic casing should be satisfactory 
in view of the probable low wall pressures to be 
expected in shallow lunar drilling. 

INDIRECT MINING METHODS 

If comparatively shallow deposits of free water 


(ice) are found to occur, it is possible to extract 
it by indirect methods similar to those used in 
the Frasch process for recovery of sulfur and in 
solution mining of salt beds. Soluble hydrous 
salts may be similarly mined but not as readily. 
Mining hydrous silicates by these methods will 
require more power than will be available in 
early mining. 

Six indirect extraction methods have been 
suggested (refs. 8 and 9). They are 

(1) Melting ice by circulating a non-freezing 

brine 

(2) Melting or vaporizing ice by electrical 
resistance or atomic reactor heating 

(3) Melting ice by circulating a heat transfer 
fluid through coils placed in holes 

(4) Direct electrolysis of massive ice 

(5) Vaporization of ice by laser beam or plasma 
torch 

(6) Extraction of water via cultivated micro- 
organisms 

While all of these methods are technically 
feasible now -under suitable conditions -except 
the last one (and it may eventually prove feasible), 
all are too complex and require too idealized 
water occurrences to be used in early, primitive 
water mining. 4 he non-therrnal processes can be 
applied only to free water deposits. The thermal 
processes probably require more concentrated 
applications of energy than will be available in 
the early stages of mining. 

CONVENTIONAL METHODS 

What is left for consideration now are the 
conventional methods of mining employed on 
Earth. These may be divided into surface methods 
and underground methods. If the hydrous or 
oxygeniferous ores are near enough to the surface, 
surface methods are to be preferred. 

The last statement is made despite the fact 
that, historically, underground mining methods 
have always displaced surface methods, where 
there was a choice, until comparatively recent 
times. This was due to the fact that historically 
not enough energy could be concentrated in 
mining operations to remove the much longer 
volumes of material that must be moved in sur- 
face methods. Early mining on the Moon could 
also be short on available energy but not to the 
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extent of having to depend altogether on human 
energy as did early terrestrial mining. If the 
analysis made above of the nature of the first 100 
meters or so of the lunar crust is correct, the 
problem in underground mining will be roof sup- 
port. Burrowing into the first few meters may be 
more like mining in alluvium or soft sediments on 
Earth, the most difficult of underground opera- 
tions. Of course, if water deposits are so deep 
that surface methods are wholly impractical, 
underground mining can be done by carefully 
lining all shafts, slopes or drifts used in develop- 
ment and by extracting ore by caving methods. 
Caving methods require only partial or temporary 
support in working places. 

Surface mining is essentially excavation. The 
range in size of equipment used for excavation 
is from hand shovels to large power shovels or 
draglines. The former is too small, and even 
small models of the latter have excess capacity. 
The problems of surface mining equipment with 
respect to type, mass, capacity, manpower needs, 
power requirements, constructional materials 
and some environmental factors have been 
studied in detail (refs. 3 to 7). Systems considered 
were tower scrapers, bulldozers, front-end 
loaders, scraper-loader (“carryalls”), power 
shovels and draglines. Within the constraints 
expected for early surface mining, the most suit- 
able systems appear to be the front-end loader, 
scraper-loaders, and bulldozer, probably in that 
order. 

Briefly the mode of operation of each type of 
machine is as follows: 

(1) Front-end loader — Front-end loaders dig 
rather than scrape. They consist of a tractor and 
a bucket mounted on bars in front of the tractor 
(fig. lb). The blade on the front of the bucket is 
thrust into the material until the bucket is partly 
or completely filled, lifted, trammed to the un- 
loading point, and dumped at heights often greater 
than the tractor height. Some large models have 
buckets that are also articulated laterally. It is 
doubtful if the front-end loader can dig as hard, 
tough, or strongly cemented material as a bull- 
dozer of equal power or capacity can scrape. 
Loading and transportation, however, are more 
satisfactory for the loader. Blocks of a diameter 
smaller than bucket width can also be handled by 
the front-end loader. No ramp or other aid is 
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Figure 1. — Excavating machines: (a) bulldozer, (b) front end 
loader, and (c) scraper loader. 


needed by the front-end loader for dumping its 
load. Front-end loaders, because of their versa- 
tility, are increasingly popular around coal mines 
for loading coal, cleaning the top of the coal bed, 
the removal of thin partings, and any other opera- 
tions that formerly required great care or even 
hand work. 

(2) Scraper-loader — The scraper-loader, or 
carryall, scrapes unconsolidated or small 
fragmental material, loading as it goes and then 
hauls the load to the dumping point (fig. lc). 
Some large, heavy models have elevators for 
heaped loading. The small models are one-piece 
but, in some models, the machine is articulated 
to, and towed by, a tractor. These models are 
more complex, and heavy than early mining is 
likely to require. 

(3) Bulldozer — Where only unconsolidated or 
deeply weathered overburden is present, some 
coal is uncovered, but not picked up and loaded, 
by the bulldozer at the present time. The bull- 
dozer consists of a blade pushed by a tractor 
(fig. la). A layer of material is scraped off by the 
concave blade, piled against the blade and 
pushed ahead up a loading ramp and onto a 
truck, conveyor belt, or other transportation 
device. Better still, it is piled up and loaded by 
another piece of equipment. The bulldozer blade 
is much higher than the thickness of the layer 
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scraped so considerable material can be piled 
before the blade. The capacity of the bulldozer 
is based on its pushing ability. The figure used 
in table II, for bulldozer unit capacity, was 
calculated by assuming material piled at an angle 
of 45° against the entire blade area. Bulldozer 
mining is flexible and is adaptable to mining 
either large or small deposits. If lunar water 
mining proves to be a problem of exploiting many 
small deposits rather than a large one, bull- 
dozers or front-end loaders should be particularly 
useful. 

All three machines have the advantages of 
light weight and high mobility. All three can 
build their own roads and ramps with the bull- 
dozer perhaps having the edge here. Unfor- 
tunately, however, the bulldozer cannot serve 
as both excavator and haulage vehicle. It can 
move ore and overburden by pushing, but the 
operation is slow; and when ore is pushed, it 
gets diluted and mixed with the material over 
which it is pushed, or part of it is lost. For 
handling overburden, the bulldozer is slow but 
efficient. 

Both the front-end loader and the scraper- 
loader can excavate and transport. For a compact 
operation involving only short haulage distances, 
this is a great advantage. With longer haulage 
distances, a separate haulage unit or units may 
be desirable because the excavator is not 
excavating while it is hauling and vice versa. 
The front-end loader can dig in a fairly small, 
concentrated area, while the scraper-loader 
merely scrapes and must remove a greater 
quantity of material for a given depth of 
excavation. 

If very large boulders are encountered, they 
can best be handled by the bulldozer. Exercising 
its great pushing ability, the bulldozer can 
“wrestle” large boulders aside that neither of 
the loaders can handle. In coarse, blocky material, 
the front-end loader may have difficulty digging 
and the scraper-loader probably cannot be used. 
In hard material, such as solid rock, conglomer- 
ate, or cemented breccia, breaking with explo- 
sives will probably be necessary before any of 
the three excavation methods can be used. 
Probably the bulldozer will require less complete 
breakage than will either of the loaders. 

Table II, from previous work (ref. 6), shows 


unit capacities, masses and machine and man- 
power requirements for three bulldozers, three 
front-end loaders and two scraper-loader models. 
The 1982 water demand (ref. 1) on which these 
figures were based was far larger than con- 
templated for early mining. One machine of the 
smallest model should be sufficient for early 
operations. In the case of the scraper-loader, if 
it can be used, even the smaller model has large 
overcapacity. 

RELATION OF MINING TO OTHER 
BASE ACTIVITIES 

The problems of power, personnel and schedul- 
ing for surface mining have been studied briefly 
(refs. 3 to 7). Power, especially during the lunar 
night, may be a big problem. Manpower and 
scheduling probably are intimately connected 
with each other. 

Before special mining crews are practical, 
mining must be done by personnel having many 
other duties about the lunar base. Mining, 
therefore, may be an intermittent activity. For 
a number of reasons, conducting surface mining 
activities only during the lunar night has been 
recommended (refs. 3 and 6). At night a uniform 
ambient environment may be maintained which 
is more difficult to achieve during the lunar day 
(ref. 6). Early mining equipment is likely to be 
small and powered by fuel cells. Ore transporta- 
tion vehicles may be those used for other activi- 
ties, such as exploration during the lunar day, 
and scheduling may not be as difficult as in the 
case of the equipment in demand concurrently. 
It has also been suggested that the night mining 
crew may operate the processing plant during 
the day (refs. 3 and 6). By processing only during 
the day, almost unlimited solar power may be 
available that is not available at night. For 
electrolytic processing, solar energy can provide 
much more electricity during the lunar day than 
can be stored in batteries during the night. The 
end products of processing water (hydrogen and 
oxygen), or oxygeniferous ores (oxygen), are 
conveniently stored and intermittent production 
will pose no problem. 

Central power, whether it be from an atomic 
reactor, solar furnace or banks of fuel cells or 
batteries, may have to be carefully allocated to 
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base activities in order to limit power demand, 
especially during the lunar night. Vehicles used 
for mine haulage, exploration and other surface 
activities can be designed with a common 
chassis and interchangeable bodies. Mine 
excavation machines can also be used for general 
excavation purposes when needed. 

Thus, until diversification of lunar activities 
is so great that special mining and processing 
bases can be built, maximum flexibility can be 
ensured by tandem qperation of mining and 
processing plants and the close correlation of 
both with other base activities. 
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Gas Wells on the Moon 


Surveyor photographs have invariably shown 
the material lying just under the lunar surface to 
be darker, on exposure, than surface material 
(refs. 1 and 2). It is not known if this is due to a 
bleaching action on surface particles by the solar 
wind, or results from a coating of, or reaction 
with, some material from under the surface. If 
“sputtering” of surface material by the solar 
wind tends to free light-weight atoms and thus to 
concentrate heavier ones like iron and titanium 
(ref. 3), the surface should be darkened, not 
lightened. Observation that rock fragments, 
freshly turned over, are also dark on the under- 
side, as well as the generally darker nature of 
below-surface material, led the Surveyor evalua- 
tion team to suggest the buried material is covered 
by some type of “varnish,” similar to “desert 
varnish,” which slowly disappears on surface 
exposure. 

If this explanation is accepted, and it is an 
entirely reasonable one, it may constitute direct 
evidence that relatively volatile materials exist 
below the lunar surface. Curves given by Green 
(ref. 4) indicate that at the probable lunar sub- 
surface temperature of about 230° K (— 43 °C) 
(ref. 5), ice has a vapor pressure of about 0.3 
X 10 -2 mm of mercury. The vapor pressure of 
mercury is 10~ 6 mm; HF, 50 mm and Cl 2 , 700 
mm. If volatiles are leaking from within the Moon, 
they could produce the change observed. Solids 
(like water) and liquids (like mercury), with appre- 
ciable vapor pressures at 230° F, will contribute. 
Other substances, not shown on Green*s chart, 
may also be present. 

If volatile substances exist under the lunar 
surface, some of them, including permanent 
gases, may be trapped in considerable quantities. 
The observations of Kozyrev confirmed the 
escape of some low pressure volatiles, possibly 
including acetylene (ref. 6). 

It is known that the Earth’s crust contains 


many reservoirs of gases entrapped in rocks. En- 
trapment occurs, although most rocks exhibit 
some degree of porosity and permeability, when 
completely free of liquids. However, in cases 
where permeability in an overlying layer has been 
eliminated by deposition of mineral matter or by 
the presence, in the pores, of a high surface 
tension liquid (water), traps are formed. Water 
is not displaceable from fine pores by hydro- 
carbon and other fluids not readily soluble in it. 
Frozen water may serve to close larger pores and 
cracks. 

It appears likely that on the lunar highlands, 
the surface is badly fractured and brecciated to 
depths of hundreds of meters or even tens of 
kilometers. The layers nearer the surface may be 
largely lens of fragmented material ejected from 
older craters and covered by other lens of mate- 
rial ejected from younger ones. In the absence of 
liquids or condensed solids for pore and crack 
filling, such material could not form gas traps. 
Thus on the highlands the presence of entrapped 
gases and vapors may be dependent upon the 
presence of condensed volatiles below the 
surface. 

On the maria, cratering is less extensive and 
the upper layers may not be fragmented quite as 
deeply as on the highlands. At hundreds of meters 
depth there may even be solid rock, in places. If 
there are layers of intruded lava, these may con- 
stitute solid rock. Surface lavas, however, should 
have been “frothy” and distended by escaping 
volatiles on extrusion into the lunar vacuum. If 
exposed long before being covered by later lavas 
or by collision crater debris, they probably have 
been pounded into fine, glassy fragments by 
micrometeorites. 

Thus, unless the maria are also filled by frag- 
mental material rather than lava, the chances for 
finding both volatiles and entrapped gases at 
depth appear to be better there than under the 
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highlands. Indeed, maria margins are considered 
likely places for finding entrapped volatiles (ref. 

7). Other suggested places are at any contact 
between old highland surfaces and maria flood 
lavas or in breccia underneath major impact 
craters (ref. 8). 

Except for possible fuel substances, gases and 
vapors have received little attention as potential 
lunar resources of value. Regardless of composi- 
tion, however, they may have value as heat trans- 
fer media. This should be particularly true of 
those that change state within the lunar sunlight- 
shadow temperature range (120° to 410° K). Inert 
volatiles like N 2 or C0 2 also can be used in the 
atmosphere of shelters. If available, many other 
uses may be found for gases and vapors on the 
lunar surface. 

On both the maria and the highlands it is likely 
that if entrapped volatiles are present at all, 
rather deep drilling will be required to produce 
them. 

On Earth, drilling can be done against con- 
siderable fluid pressure. The gas retention func- 
tion, in both rotary drilling and percussion or 
churn drilling on Earth, require the use of heavy 
drilling fluids that also serve for cuttings removal 
and bit cooling. On the lunar surface, these 
methods cannot be used in an open hole because 
water or other liquids would freeze or evaporate 
far too rapidly. Even if present in large quantities, 
their use will be limited. Probably gaseous fluids 
will be too scarce on the lunar surface for cuttings 
removal with consequent loss of fluid. A closed 
system of cuttings removal is possible, but the 
technical problems of maintaining such a system, 
even below depths at which lunar rocks become 
impermeable, may be great. 

Figure 1 suggests a rotary drilling set-up. The 
upper part of the hole, penetrating permeable 
rubble, would be drilled by auger, percussion, or 
any suitable method with mechanical cuttings 
removal. The hole would be cased through the 
transition zone between rubble and rock. The 
division between the two may not be as sharp as 
indicated in figure 1. After the hole has pene- 
trated a short distance into the impermeable 
rock zone, two seals would be installed. The 
drill pipe would operate through some type of 
packing glands. When it becomes necessary 
to remove the bit for replacement or for recovery 



FIGURE 1. — Schematic arrangement for drilling and removing 
cuttings from a gas well penetrating into an impermeable 
zone and seeking gases under pressure. 


of core, it can be removed through the double 
seals with escape only of the fluid between the 
seals. If a moving seal with flexible tubing to 
carry the fluid and cuttings to the surface could 
be designed and placed a short distance above 
the bit, it should provide a minimum volume of 
pressurized hole. A moving seal would be most 
difficult to maintain against pressure in a hole 
in anything but solid rock. 

Figure 2 shows a similar scheme for extending 
the seal all the way to the surface. A drilling 
capsule is welded to the casing that was installed 
through the permeable material. The bottom of 
the casing is then sealed into the impermeable 
rock. The fluid and the cuttings would be picked 
up by the pump at the top of a hole being drilled 
and carried to the cuttings separation vessel. 
If a gaseous drilling fluid were used, a seal would 
still be needed to gather fluid and cuttings. 

Even if deep subsurface lunar rock proves 
generally impermeable, deep crevices may be 
struck that will result in an instantaneous loss 
of all fluid to the surface. In this case, the hole 
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would have to be drilled across the crevice in 
some other fashion; the casing would have to be 
sealed in across the zone; and the fluid would 
have to be replaced for continued drilling. 

Earth practice in the recovery of gases under 
pressure from wells passing through permeable 
or caving strata involves casing with steel pipe 
and cementing. Steel pipe will be too expensive 
and bulky to send to the Moon, although it will 
be easier to handle in the Moon's low gravity 
field than on Earth. Possible substitutes are 
plastic or light metal (aluminum). The initial 
cost of the latter is well beyond that of steel, but 
is small considering the cost of transportation to 
the moon is $5000.00 per pound (ref. 9). 

Water-based cements cannot be used to 
cement casing in the lunar vacuum. Sulfur, if 
sufficiently plentiful, has been suggested as a 


cement (ref. 4). Perhaps some type of resin or 
cement that is not dependent upon evaporation 
of solvent for setting can be substituted. The 
choice appears to be between the use of expen- 
sive light metal or plastic casing and some new 
technology yet to be developed. 

It can be concluded, therefore, that gas 
deposits of value may be encountered on the 
Moon, and the wells that produce them are not 
likely to be shallow. Conducting the gases to 
the surface may be difficult because of the 
fractured nature and permeability of the upper 
part of the lunar crust. To produce gases some 
sort of plastic or light metal casing may be 
required. The gases themselves should serve 
as the medium for conveying drill cuttings to 
the surface where they can be removed from the 
gas stream. 
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Developing a Lunar Drill: A 1969 Status Report 


This discussion summarizes the mission of the lunar drill, reviews the problems associated with 
lunar drilling, and relates the status of the development program. A discussion of the work at the 
Bureau of Mines Twin Cities Mining Research Center in connection with the program is presented. 


WHY A LUNAR DRILL? 

Just as exploratory drilling usually precedes 
excavation on Earth, lunar drilling will be a 
prerequisite for lunar excavation. Exploratory 
drilling can provide solid core samples to deter- 
mine subsurface geology and facilitate geo- 
physical exploration. Instruments such as heat 
probes, radiation detectors, and seismic devices 
are often of necessity, or at least more effec- 
tively, placed at depth. 

When full-scale lunar excavation becomes a 
reality, the technology acquired during the 
development of lunar exploratory drills may be 
the basis for production drills such as blasthole 
drills that will serve the same function on the 
Moon as they do on Earth. 

PROBLEMS ASSOCIATED WITH LUNAR 
DRILLING 

The difficult task of boring a hole in Earth 
rock is compounded by lunar logistics and the 
hostile lunar surface environment. Probably 
the least important of the environmental factors 
are the relatively high and low temperatures 
on the lunar surface. As no externally supplied 
flushing media will be used, the problem of oper- 
ating a drill at lunar temperature will be no 
greater than that encountered when operating 
any other piece of equipment on the lunar 
surface. 

The low lunar gravity, approximately one-sixth 
that of Earth, will present a problem to the early 


Apollo drill which will be hand-held and depend 
upon the weight of the astronaut for thrust and 
vertical stability. The larger moderate-depth 
lunar drill will be rigidly attached either to the 
spacecraft or to a lunar excursion vehicle. The 
weight of the vehicle will then supply the thrust 
and rigidity. As payload space and weight will be 
at a premium in any lunar excursion, all lunar 
rock drills must be constructed as light as pos- 
sible; for this reason, extensive use will be made 
of aluminum and titanium alloys. 

Perhaps the most severe environmental prob- 
lem will be the hard vacuum plus the lack of 
available water that will preclude flushing the 
drill hole as is standard practice on Earth. In 
addition to cooling the drill bit, the flushing water, 
or air, removes rock cuttings from the hole bot- 
tom, and thus permits the bit to expend its energy 
on a clean rock surface. In lieu of flushing media, 
all lunar drill systems now under consideration 
have mechanical cuttings — removal systems 
which auger rock cuttings either to the surface 
or to a down-hole collection basket. 

Another factor that must be considered in 
connection with the lunar vacuum is that of vac- 
uum adhesion or vacuum welding. If this phe- 
nomenon acts to any appreciable degree on the 
rock cuttings generated by the drill, it can cause 
the particles to adhere to each other or to the 
drill rod. Agglomeration of cuttings could increase 
the torque load on the drill motor or might, in the 
extreme case, cause a drill stall. As will be ex- 
plained later, laboratory experiments are under- 
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way at the Twin Cities Mining Research Center 
to determine if particle adhesion in vacuum will 
be severe enough to present significant problems 
in the design and operation of the lunar drill. 

CURRENT LUNAR DRILL CONCEPTS 

The first drill in space will be the Apollo Lunar 
Surface Drill (ALSD) which is scheduled for 
Apollo 13 in 1970. Designed and built by Martin- 
Marietta Corp. under contract to the Manned 
Spacecraft Center, Houston, Texas, this drill is 
a battery-operated, hand-held, rotary-percussive 
drill weighing less than 30 lb. Designed for opera- 
tion by one astronaut, the mission of this drill is 
to bore two 1-in. holes to a depth of 3 meters in 
the lunar surface. Present plans are for the holes 
to be bored with solid, non-coring bits. Hollow, 
boron filament, Fiberglas drill rod will remain in 
the holes to serve the additional purpose of a hole- 
casing. These holes will be used for the placement 
of probes which are components of a heat-flow 
experiment. Time permitting, a third, shallower 
hole will be drilled with a core bit to obtain solid 
samples for return to Earth. 

Design, engineering, and components testing 
are progressing on the moderate-depth lunar 
drill which will be the successor to the ALSD. 
Two companies, both under contract to the 
Marshall Space Flight Center, Huntsville, 
Alabama, are developing advanced systems with 
the capability of boring a 2-in. hole t'o a depth of 
30 meters in the time frame of 1973 to 1975. 
The Westinghouse Defense and Space Center 
is offering a diamond rotary drill with a retriev- 
able, wire-line innertube assembly patterned 
after the system in common use for Earth 
exploration. 

The Northrop Space Laboratories has ad- 
vanced a down-the-hole, gas-operated percus- 
sive drill. This concept is unique in that the 
drill rod will be flexible, being wound on and 
off a cylindrical drum as the drill is retracted 
or advanced. Both concepts are designed to 
recover a solid core sample. 

U.S. BUREAU OF MINES 
PARTICIPATION 

The U.S. Bureau of Mines, which has been 
conducting rock fragmentation research for 
over 3 decades, became involved in the lunar 


drill program in 1965. Bureau scientists first 
participated in a consulting capacity by assisting 
NASA in reviewing specifications and serving 
as an information center to companies developing 
lunar drill hardware. More recently the Bureau 
has undertaken laboratory investigations and 
hardware testing in support of the program. 

Published results of diamond drilling research 
performed at the Twin Cities Mining Research 
Center during 1967 indicated that drilling 
with waterflush yielded a higher penetration 
rate then drilling with airflush or with no flushing 
media. This series of experiments also produced 
evidence that solid lubricants introduced to 
the bit-rock interface improved efficiency of a 
bench-mounted diamond rotary drill (ref. 1). 
Further experiments were performed in 1968 
on a radial-arm drill (fig. 1) that was instrumented 
to record thrust, torque, and penetration rate 
while drilling with 1-in. diameter thinwall 
diamond bits. The penetration rates and the 
torque data were used to compute energy per 
unit volume, and a comparison of performance 
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DEVELOPING A LUNAR DRILL: 

was made between drilling with waterflush, with 
airflush, with air plus powder graphite, and with 
air plus powdered molybdenum disulphide. The 
powdered lubricants were introduced into the 
airflush system by means of an aspirator in the 
air hose. 

Figure 2 shows that airflush drilling with no 
lubricant consumes the highest energy per unit 
volume and is therefore least efficient from an 
energy standpoint. This is followed by air plus 
graphite, waterflush, and air plus molybdenum 
disulphide which is most efficient. A possible 
explanation of the poor relative performance of 
the graphite is that the graphite powder was 
relatively coarse-grained compared to the micro- 
fine molybdenum disulphide. A decision as to 
which dry lubricant yields better performance 
must await further experimentation with micro- 
fine graphite. 



FIGURE 2. — Comparison of efficiency of flushing media in 
Dresser Basalt. 


The exact function of the solid lubricant is not 
fully understood, but it appears to conserve torque 
by reducing friction between bit and hole wall. 
This is accomplished without significant decrease 
in penetration rate as evidenced by figure 3. This 
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Figure 3. -Comparison of penetration rate of flushing media 
in Dresser Basalt. 


decrease in friction may result in longer bit life, 
although this experiment was not extensive enough 
to draw any conclusions on this aspect. Previous 
experiments demonstrated that the addition of a 
lubricant to liquid flushing media resulted in 
longer bit life (ref. 2). 

Another possible effect of a powdered solid 
lubricant is that it acts as a “glidant” (ref. 3) to 
improve the cuttings removal process. Further 
experimentation will be required to answer the 
academic questions surrounding the function of 
dry lubricants in drilling. 

If it can be shown that dry lubricants have a 
positive effect on bit life, this, together with the 
demonstrated higher efficiency, would warrant 
their use in a rotary lunar drill. A method would 
have to be found to introduce the lubricant to the 
system by some means other than that used in 
the laboratory, as no flushing system is contem- 
plated for the lunar drill. This might be accom- 
plished with a cylindrical manifold inside the bit 
which would allow the lubricant to flow to the 
bitrock interface by centrifugal force. 

At the Twin Cities Mining Research Center, a 
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program is underway to test bits for the moderate- 
depth lunar drills. A separate study is concerned 
with cuttings removal by mechanical means. In 
this study, laboratory tests are being conducted to 
optimize flute angle and rotational speed from a 
cuttings-removal standpoint. 

As mentioned earlier, some observers are 
concerned that vacuum adhesion acting on drill 
cuttings will be a formidable problem for the 
lunar drill. Drilling experiments have already 
been conducted in vacuum chambers, both by 
NASA and by companies developing lunar drill 
hardware. These tests, however, were conducted 
in the vacuum range of 10 -6 to 10“ 7 Torr, several 
magnitudes of pressure higher than the lunar 
environment. Since drill behavior in ultrahigh 
vacuum must be understood, the Twin Cities 
Mining Research Center has designed and built 
a vacuum drill apparatus. This apparatus, in* 
tended to be the first rock drill operated in ultra- 
high vacuum, includes a means of measuring drill 
torque to compare energy per unit volume when 
drilling in vacuum and in atmosphere. High speed 
movies will provide additional comparative data 
on both vacuum and atmospheric drilling. 

Aside from the ultimate objective of the lunar 


drill program, technology gained during this 
development program will be of immense value 
to design problems for Earth drills. Technological 
advances of the lunar drill development program 
have already been applied to the area of bit design. 
To cite a specific example, a drilling company 
which has developed bits for the diamond rotary 
lunar drill has significantly altered its procedure 
for manufacturing commercial diamond bits to 
take advantage of newly developed methods of 
diamond selection and orientation and bit crown 
configuration. This is another example of how the 
space program presents us with opportunities 
that would not have otherwise existed. 
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Electrowinning Oxygen from Silicate Rocks 


One phase of NASA-sponsored research for the utilization of extraterrestrial resources is directed 
toward determining the feasibility of extracting oxygen by electrolysis of simulated lunar materials. 
The method is based on a modification of existing techniques for electrowinning metals from their 
oxides in fused-salt systems. Results of preliminary work leading to the electrowinning efforts are 
presented. The current status of the research effort is outlined, and operating conditions are described 
under which oxygen was successfully electrowon from fluoride-silicate mixtures. 


INTRODUCTION 

With the rapid advances being made in space 
technology, it is well within the imagination to 
envision large and complex lunar stations with 
personnel numbering in the hundreds. To support 
the inhabitants of such installations, it is obviously 
desirable to utilize extraterrestrial resources as 
much as possible. Of primary interest in develop- 
ing a life-support system are potential sources of 
oxygen, one of which is the lunar surface material 
itself. This material is thought to be composed 
primarily of silicates, and the results obtained 
from the Surveyor program indicate that the com- 
position of the lunar surface closely approximates 
that of some terrestrial basalts and that the con- 
stituent metals are present as oxides (ref. 1). 
Such silicate minerals contain about 50 weight- 
percent oxygen; however, many of the oxides are 
highly stable, and the extraction of free oxygen 
would require several processing steps, or a high- 
energy process such as can be provided by 
electrolysis. 

Attractive possibilities exist for the electrowin- 
ning of free oxygen from silicate minerals through 
modification of the basic concepts and techniques 
developed for the preparation of various reactive 
metals by high-temperature electrolysis. The 
feasibility of metal production by electrolysis in 
fused-salt media has been widely demonstrated. 
Many of these procedures, such as the Hall 


process for alumijium, involve the dissolution and 
subsequent reduction of an oxide of the metal in 
question. The technique has also been demon- 
strated for preparing uranium and several of the 
rare-earth metals (refs. 2 to 5). In these methods, 
the anode reaction involves the discharge of 
oxygen ions at a carbon electrode and the result- 
ant formation of carbon oxides, which consumes 
the electrode. 

The objective of the present investigation con- 
ducted by the Bureau of Mines is to extend these 
methods to silicate-bearing mixtures. In this 
process, electrolytic energy would decompose 
the constituent metal oxides and yield oxygen ions 
that are discharged at a nonreactive anode, 
producing free oxygen which is evolved from the 
cell. In theory, electrolysis could also produce 
oxygen through the discharge of silicate anions 
as shown by the following reactions proposed by 
Bockris (ref. 6): 


Silicate structure 
Orthosilicate 

Pyrosilicate 

Rings and infinite chains. 
Chains 


Reaction 

SiOj ->Si0, + 0. + 4e 
Si 2 O e 7 “ -» 2SiO a + !<)... + 6e 

(SiO,)*" ' -» m SiO. + ^ 0, + 2;ic 
<SUO„)";--»2»iSiO s +^0,+2».e 


The cathode reaction could entail the discharge 
of several different metal cations and the subse- 
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quent codeposition of these metals as dendrites 
or low-melting alloys. 

Electrical conductivity and viscosity studies 
have been conducted at temperatures up to 
1800° C by Bockris and associates on binary 
mixtures of SiC >2 and metal oxides of the alkali 
and alkaline-earth groups and others such as 
aluminum, iron, manganese, lead, and titanium 
(refs. 6 to 8). As the result of these investigations, 
it was determined that electrical conductance in 
these systems is primarily ionic. The conductance 
increases with the concentration of the metal 
oxide and is a function of the network-breaking 
effect of the metal oxide. Bockris also demon- 
strated that passage of direct current through the 
melt produces electrolysis and that, in many of 
the systems, Faraday’s laws are obeyed within 
experimental error. 

It is the purpose of this chapter to describe the 
progress made by the Bureau of Mines in studying 
the potentiality of oxygen preparation by elec- 
trolysis of silicate mixtures believed to be repre- 
sentative of the minerals found on the lunar 
surface. Silicate rocks selected for use in this 
study included several of the rock standards 
suggested by Green (ref. 9) as being representa- 
tive of possible lunar surface materials. These 
included a basalt, an obsidian, a granodiorite, 
and a serpentine. Supplementary materials in- 
cluded a mixture of basalt plus sinter and a 
pumice. 

EQUIPMENT 

Cell and insulation components are enclosed in 
a 3-foot-diameter by 4-foot-long steel chamber. 
Essential features of the chamber are shown in 
figure 1. It is equipped with viewports, lead- 
throughs for bringing ac and dc power into the 
chamber, and has a full-diameter access door at 
one end. Manipulation of the electrode hoist 
mechanism is accomplished through gloveports 
and neoprene gloves. The chamber can be evac- 
uated to a pressure of about 10 -3 Torr by means 
of a mechanical pump. A refrigeration unit is 
available to cool the chamber atmosphere to 
permit the performance of necessary manual 
operations. 

The initial phase of the investigation was 
directed toward a study of the relative physical 
characteristics of various silicate rocks and 
determining the effect of flux additions on these 



Figure 1. — Electrolytic cell in protective atmosphere 
chamber. 


characteristics. For these experiments, a high- 
temperature cell and insulation system was used, 
as illustrated in figure 2. Graphite crucibles, 
5 inches in inside diameter by 4 inches deep, were 
used for containing the silicate mixtures. Elec- 
trodes used in determining the relative electrical 
conductivity of the melts were 3 /s-inch-diameter 
graphite rods, spaced approximately 2 inches 
apart. Surrounding the crucible were an enclosure 
and lid, also made of graphite. Thermal insulation 
was provided by boron nitride powder, alumina 
beads, and conventional firebrick. A specially 
designed graphite resistance heater-reflector 
combination located immediately below the 
crucible provided heat for melting the electrolyte 



FIGURE 2. — High-temperature cell and insulation system. 
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and for maintaining the desired cell temperature 
during the experiment. An arc welder furnished 
alternating current applied to the resistor, and a 
silicon rectifier supplied the direct current. 

Tungsten-rhenium orplatinum-rhodium thermo- 
couples immersed 1 inch into the melt were used 
to measure the temperature. Supplementary 
temperature measurements of the electrolyte 
surface were made with an optical pyrometer. 

In recent experiments in which oxygen was 
prepared, major design changes were necessary 
to eliminate refractory materials that would react 
with free oxygen at elevated temperatures (fig. 3). 

A hot-pressed boron nitride crucible, 4 inches in 
inside diameter by 3 x /2 inches deep, is used for 
containing the electrolyte. The selection of elec- 
trode materials for use with this cell was the 
subject of research which is described later. 
Thermal insulation is provided by castable 
alumina and firebrick. Six silicon carbide 
resistors heated by alternating current supply the 
requisite heat. 

PROCEDURE 

Prior to assembling the cell components, the 
electrolyte constituents were dried to remove 
adsorbed moisture. After the cell components 
were assembled within the chamber, the cell was 
degassed by heating it to about 650° C under 
vacuum. The chamber was then backfilled with 
helium. 

The electrolyte was melted by heat from the 
external resistor. About 15 kilowatt-hours was 
required to heat a 1000-gram charge of bath to 
1100° C. After the desired bath temperature was 
attained, relative electrical conductivity deter- 
minations were made by applying a direct current 
to the electrodes. 

In experiments to electrowin oxygen from the 
various silicate mixtures, direct current was 
applied to the electrodes and cell gases were 
sampled at a point near the anode and analyzed 
for oxygen by the Orsat method. Analysis for 
the presence of other gases was made by infrared 
spectrophotometry and by gas chromatography. 

After each experiment the electrodes were 
withdrawn from the melt, and the cell was cooled 
to room temperature for disassembly and 
examination. 
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RESULTS AND DISCUSSION 

Initial experimentation was directed toward 
determining whether electrolysis could be effec- 
tively performed in silicate mixtures without 
using fluxing materials to promote fluidity and 
electrical conductivity of the melt. Investigations 
were conducted at 1500° to 1775° C on a random 
mixture of various silicate rocks and on pumice, 
granodiorite, and basalt. In all experiments, the 
molten mixtures exhibited excessive fuming 
and remained quite viscous. Electrical conduc- 
tivity determinations showed that the resistance 
of the melts was too high, even at temperatures 
greater than 1700° C, to permit effective 
electrolysis. 

As an extension of this study, similar experi- 
ments were performed on selected synthesized 
minerals, including diopside, wollastonite, 
clinoenstatite, monticellite, and anorthite. Syn- 
thesis of these minerals was accomplished by 
fusion of the constituent oxides in the high- 
temperature cell and insulation system. Results 
of relative electrical conductivity determinations 
showed that none of the minerals was sufficiently 
conductive to be used as an electrolyte without 
the addition of a suitable fluxing agent. 

In electrowinning operations conducted in 
fused-fluoride systems, the presence of lithium 
fluoride in the electrolyte serves to lower the 
melting point and promote the electrical conduc- 
tivity of the melt. It was believed that LiF and 
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possibly other fluorides would have the same 
effect on silicate melts. In addition, oxide, borate, 
and phosphate additives are also used in various 
metallurgical processes to promote the fluidity of 
melts and slags. 

A study was then conducted to determine the 
effect of various additives on the physical char- 
acteristics of silicate rocks. A basalt-plus-sinter 
mixture was chosen for use in determining the 
effect of selected fluxing agents on the relative 
electrical conductivity of the melt. Major con- 
stituents in this mixture in weight-percent are as 
follows: 46.5 oxygen, 25.8 silicon, 6.0 aluminum, 
5.7 iron, 3.9 calcium, 3.2 sodium, and 1.5 mag- 
nesium. Conductivity determinations were made 
at temperatures of 1200° to 1300° C. The results 
are summarized in table I in which the conduc- 
tivity is expressed as the amperage-to-voltage 
ratio. As indicated, the lithium fluoride-bearing 
melt was the most conductive. 

Table 1 . — Relative Electrical Conductivity of 
Basalt-Plus-Sinter Containing 10 Weight- 
Percent Additions of Various Fluxing Agents 
at 1300° C 


Flux 

Amperage/ volt age 

LiF 

0.66 

CaF> 

.08 


.0 

'2 

N a .,0 

.OS 

jvjaBO. 

.3 

Na,P0 4 

.18 

Na c P.,Oin 

.4 




In table II, a comparison is made of the relative 
electrical conductivity of several rocks and 
minerals, each containing 10 weight-percent LiF. 

Even with the considerable improvement in 
melt fluidity and conductivity that resulted from 
the addition of 10 weight-percent LiF, tempera- 
tures greater than 1400° C were required to obtain 
a more favorable current-to-voltage ratio. At 
lower temperatures, the relatively low-amperage, 
high-voltage conditions make the process less 
attractive from a power consumption standpoint. 

Electrode-melt compatibility studies were made 
using various platinum-group metals to determine 
their corrosion resistance at the temperatures 


Table II. — Relative Electrical Conductivity of 
Silicates Containing 10 Weight-Percent LiF 
at 1400° C 


Rock or mineral 

Amperage/ volt age 


1.8 


2.0 


1.3 


3.7 


2.5 


3.0 




necessary for effective electrolysis. Iridium was 
evaluated by immersion in a mixture of diopside 
plus 10 weight-percent LiF heated to about 
1500° C. Complete dissolution occurred in less 
than 30 minutes. The compatibility of iridium 
and platinum with a mixture of serpentinite plus 
10 weight-percent LiF was similarly determined 
at temperatures up to 1450° C. Severe corrosion of 
the iridium and complete dissolution of the 
platinum resulted after only a few minutes of 
immersion. 

The poor corrosion resistance of the materials 
thus tested necessitated a redirection of planning 
away from the initial concept of high-silicate, 
low-flux electrolytes. Subsequent experimentation 
was oriented toward a study of the characteristics 
of electrolyte systems in which silicates were the 
minor constituent. The primary objective was to 
develop melt systems that could be used at 
1050° to 1150°C, thus increasing the possibility 
of finding suitable electrode materials. 

Evaluation of the physical characteristics was 
made for melts containing 15, 25, and 35 weight- 
percent silicates, with the balance being BaF 2 and 
LiF in the mole ratio of 0.65 to 0.35. All three 
exhibited significantly improved electrical con- 
ductivity in that the current to voltage ratio was 
about 2.5 or 3.0 to 1 at 1100° C. 

In further electrode-melt compatibility studies, 
iridium, platinum, and a platinum-13-percent 
rhodium alloy were tested at about 1250 C in a 
bath composed of 69.4 weight-percent BaF 2 , 5.6 
weight-percent LiF, and 25 weight-percent basalt 
plus sinter. Results showed that the platinum 
metal and alloy would dissolve in this mixture; 
however, the iridium did not corrode, and efforts 
were then directed toward determining the corro- 
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sion resistance of several refractory materials 
under the effect of an applied dc voltage. In 
addition to iridium, silicon carbide, and titanium 
and zirconium diborides were evaluated for use 
as anode and cathode materials in various 
fluoride-bearing silicate mixtures at temperatures 
up to 1250° C. Iridium exhibited the best stability 
of these materials when used as an anode, while 
silicon carbide was unattacked as a cathode 
material. Severe corrosion of both diborides 
occurred regardless of whether the polarity was 
anodic or cathodic. 

Initial experiments to electrowin free oxygen 
used an electrolyte composed of 25.0 weight- 
percent basalt plus sinter, 69.4 weight-percent 
BaF- 2 , and 5.6 weight-percent LiF. Iridium sheet 
0.02 inch thick, with a surface area of about 0.45 
square inch on a side, was used as the anode 
material. The cathode was a V 2 -inch-diameter 
silicon carbide rod. Electrolysis was conducted 
at 1150° to 1250° C. In most experiments, at least 
17 volts were required to decompose the oxides 
in the melt. The electrolysis current was tempera- 
ture dependent and ranged from 25 amperes at 
lower temperatures to more than 60 amperes at 
temperatures near 1250° C. During these experi- 
ments, oxygen contents in the cell gases increased 
from zero percent at the start of electrolysis to 
0.2 to 5.0 volume-percent after 30 to 40 minutes. 

In a subsequent series of experiments, the 
silicate content of the melts was increased to 
35.0 weight-percent. Barium fluoride and lithium 
fluoride contents were 60.0 and 5.0 weight- 
percent, respectively. Electrolysis temperature 


again ranged from 1150° to 1250° C, but the 
increase in oxygen yields was insignificant. 

A considerable improvement in results was 
achieved by utilizing a bath composed, in weight- 
percent, of 35.0 basalt plus sinter, 48.5 BaF 2 , and 
16.5 LiF. The higher LiF content permitted 
electrolysis at 1050° to 1150° C, with no significant 
change in the voltage-amperage relationship. The 
maximum oxygen content of the gas over the cell 
during these experiments was almost 7 percent 
by volume. The remainder of the gas was primarily 
helium, with trace amounts of C0 2 and SiF 4 . The 
carbon dioxide is a product of the reaction 
between free oxygen and the SiC cathode or 
heating elements, while the SiF 4 may result from 
a reaction between the SiC cathode and fluoride 
fluxing agents. 

Increasing the anode surface area to about 0.85 
square inch resulted in a further improvement in 
cell performance, and oxygen contents of over 
12 volume-percent were achieved. Table III 
compares the conditions and results of typical 
experiments in which the anode area was 0.45 
square inch, with those from experiments in 
which the area was 0.85 square inch. 

In all experiments, a solid deposit of varying 
size accumulated on the cathode. This material 
consisted of metal dendrites and entrapped 
electrolyte, and most showed magnetic properties. 
Accurate analysis of the metal portion of the 
deposits was impractical because of the adhering 
bath; however, spectrographic analyses of 
selected dendrites that were relatively free of 
bath materials showed iron, aluminum, sodium. 


TABLE III. - Typical Operating Conditions and Results in the Electrowinning of 

Oxygen 



Anode surface area 

0.45 square inch 

0.85 square inch 

Operating conditions: 





Melt temperature, °C 

1050 to 1100 

1050 to 1100 

1070 to 1115 

1060 to 1130 

Average electrolysis current, amp 

42 

42 

57 

62 

Cell voltage 

17 to 19 

17 to 18 

18 to 19 

18 to 19 

Duration of electrolysis, min 

40 

42 

42 

40 

Results: 





Maximum Oj content over cell, vol pet... 

3.1 

6.7 

10.3 

12.3 

Anode loss rate, mg/amp hr 

19.5 

25.4 

19.0 

" 45.0 


" High loss rate due to alloying with cathode deposit. 
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silicon, and barium as major constituents. Also 
present in significant quantities were manganese, 
titanium, calcium, molybdenum, and boron, while 
nickel, zirconium, copper, and chromium were 
present in lesser amounts. The boron, no doubt, 
originated from the BN crucible, while the molyb- 
denum may have come from the tools or electrode 
connecting rods. 

Another indication of the composition of the 
metallic portion of the cathode growth was ob- 
tained through analysis of the electrolyte before 
electrolysis and then again after 2V2 hours of 
electrolysis. Metallic elements in the bath that 
showed a significant decrease could be assumed 
to have deposited on the cathode. The change in 
content of such metals is shown in table IV. 


Table IV.— Analysis of Metallic Elements in the 
Bath Which Decreased During Electrolysis 


Metal 

Content 

in the bath 

Before 

electrolysis 

After 

electrolysis 

Iron 

2 percent 

0.2 percent 

Titanium 

0.3 percent 

0.1 percent 

Vanadium 

50 ppm 

< 20 ppm 

Cobalt 

< 35 ppm 

Not detected 

Nickel 

< 20 ppm 

Not detected 

Chromium 

15 ppm 

Not detected 


The rate of loss of the iridium anodes ranged 
from 12.5 to about 60 mg per ampere hours. In 
some experiments, however, the loss was not due 
entirely to electrochemical processes or to oxida- 
tion, but was due partially to contact between the 
anode and the cathode growth. Alloying between 
the iridium and some of the metallic constituents 
of the cathode deposit caused severe embrittle- 
ment and promoted corrosion of the iridium. The 
average iridium loss rate for 20 experiments in 
which there was no contact between the anode 
and the cathode growth was about 25 mg per 
ampere hour. This showed that anodic dissolution 
of iridium under electrolysis conditions is negli- 
gible compared with loss rates that could occur 
based on electrochemical equivalents. The 
theoretical loss due to electrochemical dissolu- 
tion is about 1800, 2400, or 7200 mg per ampere 
hour for a valence change of 4, 3, or 1, respectively. 


SUMMARY 

Bureau of Mines research has shown that oxy- 
gen can be electrowon from silicates dissolved in 
molten fluoride systems. The demonstrated 
ability to generate more than 12 percent by vol- 
ume of oxygen in the cell gases is encouraging. 
However, no attempt has been made to collect 
and measure the total amount of oxygen evolved 
at the anode, and no estimate can be made of the 
faradic efficiency of the cell. 

Before making the ultimate determination of 
whether the process is practical, uncertainties 
must be overcome. Of major importance is the 
problem of restricting the cathode deposit from 
the vicinity of the anode. The solution may be 
found through the use of compartmented cells. 

Research using larger cells will also permit a 
more accurate determination of the effect of 
anode surface area and electrode geometry on 
cell performance. Further study of melt composi- 
tions will be conducted in efforts to find workable 
electrolytes that require lesser amounts of fluxing 
materials. 
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